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SUMMARY

A six-degree-of-freedom simulation analysis has been performed for the Space
Shuttle Orbiter entry from Mach 10 to Mach 2.5 with realistic off-nominal conditions
using the flight control system referred to as the November 1976 Integrated Digital Auto-
pilot. The off-nominal conditions included: (1) aerodynamic uncertainties in extrapo-
lating from wind-tunnel to flight characteristics, (2) error in deriving angle of attack from
onboard instrumentation, (3) failure of two of the four reaction control-system thrusters
on each side (design specification), and (4) lateral center-of-gravity offset.

The control system displayed three main weaknesses. First, there was an extreme
sensitivity to error in derived angle of attack. Second, some off-nominal aerodynamic
combinations caused the aileron, which provides the directional trim control for much of
the entry, to actually deflect the wrong way. Third, off-nominal aerodynamics which pro-
duced an increased rudder effectiveness could result in an overgained control circuit.
These weaknesses could lead to a loss of the orbiter. Modifications to the control system
and pilot intervention techniques were designed to allow the orbiter to fly safely under all
the assumed off-nominal conditions.

INTRODUCTION

A reusable Earth-to-orbit transportation system known as the Space Shuttle is being
developed by the National Aeronautics and Space Administration (NASA). The Space
Shuttle is designed to insert payloads of up to 29 500 kg into a near-Earth orbit, retrieve
payloads already in orbit, and land with a payload of up to 14 500 kg. The Space Shuttle
consists of an orbiter, an external fuel tank, and two solid rocket boosters (SRB). The
SRB's will be recovered after each launch for reuse. The external tank is designed for
one use and is not recovered.

The orbiter will have the capability to enter the Earth's atmosphere, fly up to
2040-km cross range, and land horizontally. A closed-loop entry guidance system is
being developed to provide the necessary commands for either the automatic flight control
system or a pilot-operated, augmented flight control system. A general description of the
Space Shuttle configuration and mission is given in reference 1, and the orbiter avionics
are described in reference 2.



The first orbital flights of the Space Shuttle are designed to verify the vehicle flight
worthiness. The first flight is designed to demonstrate safe ascent and return of the
orbiter and crew for the most conservative flight conditions. The flight will be launched
from the NASA Kennedy Space Center into a 220-km circular orbit inclined 38°. After
approximately 20 orbits, a deorbit maneuver will occur, followed by the entry and landing
at the NASA Dryden Flight Research Center. A further description of this flight is pre-
sented in reference 3. The NASA Langley Research Center has been performing evalua-
tions of the guidance and flight control system as it evolves for the first mission. This
analysis is concerned with the control system that is usually referred to as the November
1976 Integrated Digital Autopilot. This control system has been developed under the
guidance of the NASA Johnson Space Center and has evolved from the one that was ana-
lyzed in references 4 and 5. With the aid of a six-degree-of-freedom simulation with
man-in-the-loop capability, the flight regime was studied from a Mach number of approx-
imately 10 and an altitude of 50 km down to the initiation of the terminal-area-energy-
management (TAEM) guidance phase, which occurs at an altitude of approximately 26 km
at a Mach number of 2.5. This 360-second segment of the entry represents the period
where the orbiter performs its most extreme maneuvers, where the aerodynamic param-
eters are undergoing significant changes as the vehicle decelerates from hypersonic to
low-supersonic velocities, and where the angle of attack is lowered from 360 to 100°.
These simulation studies considered the center of gravity to be located at 66.25 percent
of the body reference length with a lateral center-of-gravity offset of 0.0381 m towards
the right wing (maximum amount allowed by shuttle design specifications). In addition,
two of the four yaw thrusters on each side were assumed to be inoperable (off). The
design specification calls for the Space Shuttle Orbiter to be able to fly safely with this
condition. To these were added the aerodynamic uncertainties (ref. 6) that are intended
to encompass any differences that might occur between wind-tunnel and actual flight
values. These uncertainties are based on the scatter in the wind-tunnel data and histor-
ical comparisons of flight and wind-tunnel data for various aircraft and lifting-body con-
figurations. In addition to uncertainties, projected errors in deriving angle of attack
from onboard instrumentation were included in the simulations. Since the orbiter has no
method of directly measuring angle of attack until velocity has been reduced to Mach 2.5,
this error was assumed to be as much as +4°. Without the aerodynamic uncertainties and
the sensed angle-of-attack error, the flight control system is able to fly the entry mission
safely. This paper will describe the effects of these aerodynamic uncertainties and angle-
of-attack error and will suggest control-system modifications to handle the problems that

are encountered.



SYMBOLS

All coefficients and vehicle rates are in the body axis system except where other-

wise noted.

b

reference wing span, m
mean aerodynamic chord, m

rolling-moment coefficient, Rolling moment/ q,,Sb

effective-dihedral parameter, Cg/aﬁ, deg"1

rolling-moment coefficient due to aileron deflection, Cﬂ/a éa, deg'1
rolling-moment coefficient due to rudder deflection, Ca/‘c)ér, deg‘1

pitching-moment coefficient, Pitching moment/ qSc

yawing-moment coefficient, Yawing moment /qooSb

directional-stability parameter, SCH/BB, deg‘1

dynamic-stability parameter, CnB cos a - (IZ/IX>CIZB sin o, deg-1
yawing-moment coefficient due to aileron deflection, Cn/aéa, deg‘1

yawing-moment coefficient due to rudder deflection, C; /861., deg‘1

side-force coefficient, Side force/qooS

side-force coefficient due to rudder deflection, CY/36r, deg'1

acceleration due to gravity (1g = 9.8 m/sec2)



moment of inertia about body roll axis, kg-m2

Ix

Iy moment of inertia about body pitch axis, kg-m2
1 moment of inertia about body yaw axis, kg—m2
Ivy product of inertia in body XY-plane, kg-m?2
IXZ product of inertia in body XZ-plane, kg—m2
Iyy product of inertia in body YZ-plane, kg-m2

M Mach number

NY side acceleration, g units

P roll rate, deg/sec

P period of oscillation, sec

d., free-stream dynamic pressure, Pa

r yaw rate, deg/sec

Totab yaw rate about stability axis, deg

r' =r - (180g sin ¢ cos 9)/7TVR

RCS reaction control system

S reference area, m2

ty /2 time to half-amplitude, sec

VR Earth relative velocity, m/sec

Yawijets number of yaw RCS thrusters firing (positive right side thrusters)



angle of attack, deg

commanded angle of attack, deg

sideslip angle, deg

aileron-deflection angle, (Left elevon - Right elevon)/2, deg

aileron deflection calculated by control system required for directional trim,
deg

body-flap-deflection angle (positive down), deg

elevator-deflection angle (positive down), (Left elevon + Right elevon)/2, deg
rudder-deflection angle (positive trailing edge left), deg
speed-brake-deflection angle, deg

pitch angle about body axis, deg

roll angle about body axis, deg

commanded roll angle, deg

standard deviation

A dot over a symbol denotes differentiation with respect to time.

DESCRIP TION OF SPACE SHUTTLE ORBITER

The physical characteristics of the orbiter are summarized in table I. The longi-
tudinal center of gravity is located at 66.25 percent of the body reference length measured
from the nose. A sketch of the orbiter and its control effectors (control surfaces and
RCS thrusters) is shown in figure 1. The first entry is depicted on a world map in fig-
ure 2, and figure 3 shows the time history of selected nominal trajectory parameters.



Guidance System

The guidance system has separate algorithms for the three different guidance

regimes: entry, terminal area energy management, and autoland. The entry guidance

is designed to take the orbiter from the atmospheric interface, 120 km, down to the initia-
tion of the terminal-area-energy-management (TAEM) phase at approximately 26 km at
Mach 2.5. At an altitude of approximately 3 km, the autoland guidance is engaged and
directs the orbiter until touchdown. Since the current study was concerned with flight
from M = 10 to 2.5, only the entry algorithm was needed. During entry, the angle of
attack follows a preselected schedule, whereas roll angle is modulated to control both
down range and cross range. Additional information on the guidance algorithms can be

obtained in reference 1.

Flight Control System

The flight control system, usually referred to as the November 1976 Integrated
Digital Autopilot (DAP), converts either guidance-system commands or pilot-control
commands into aerodynamic control-surface deflections and reaction-control-system
(RCS) thruster firings. It also takes rate gyro and accelerometer feedbacks and provides
stability, damping, and turn coordination outputs to these effectors. The aerodynamic
control surfaces depicted in figure 1 include elevons which are used as ailerons and ele-
vators, rudder with speed-brake capability, and body flap for longitudinal trim. RCS
thrusters are used to supplement control about the roll, pitch, and yaw axes. The roll
and pitch thrusters are used only during the early portion of the entry at low dynamic
pressures. The yaw RCS thrusters are used down to an altitude of 15 km. In order to
approximate the effect of thrust buildup with time and the effect of thrust loss due to
back-pressure increases with decreasing altitude, an average thrust level of 3870 n and a
specific impulse of 289 sec was used for the study. (The following discussion, except
where noted, assumes the orbiter is configured for automatic control, i.e., no pilot inputs.)
During entry, the control system nulls the angle-of-attack error signal by using the pitch
thrusters (dynamic pressures less than 960 Pa) and the elevons.

Control about the lateral-directional axes for dynamic pressure less than 96 Pa is
achieved with roll and yaw RCS thrusters only. As the dynamic pressure increases, the
ailerons are added for control. At a dynamic pressure of 480 Pa the roll thrusters are
turned off. Down to about Mach 1.5, the control system operates in a "spacecraft mode,"
where the roll-rate command is directed to the yaw RCS channel to produce a yawing rate
and a small sideslip angle 3. This B generates a rolling moment because of the effec-
tive dihedral of the orbiter. In this mode, the ailerons are used for turn coordination and
directional trim. The spacecraft mode was chosen for two reasons. First, the aerody-
namics for this flight regime of the orbiter are such that the vehicle exhibits roll reversal



characteristics; that is, if the ailerons are used to roll the vehicle with no yaw input from
any other surface or RCS, the vehicle will start to roll in the desired direction and then
roll in the opposite direction. The rudder is ineffective at these angles of attack and
speeds; and, thus, the RCS system would be required to coordinate the maneuver. Second,
to roll about the velocity vector at high values of o requires a large yawing moment
about the body axis. After Mach 1.5, the control system switches to a more conventional
aircraft mode where ailerons are used for roll control and the rudder is used for turn
coordination.

The body flap is a trim device used to maintain the average elevon deflection
(elevator) near a preselected profile. The elevons are also used as ailerons, the charac-
teristics of which are a function of the elevator deflection. Thus, this preselected profile
is used to help insure the proper aileron characteristics.

The commanded speed-brake deflection follows a schedule down to Mach 0.9 to help
maintain longitudinal trim by providing a pitch-up moment. Figure 3(b) shows the control
surfaces history during a nominal first entry. More detailed information on the control
system is in the appendix.

SIMULATION DESCRIPTION

The reentry flight dynamics simulator (RFDS) used for this study is a nonlinear,
six-degree-of-freedom, interactive, digital computer program, with man-in-the-loop
capability, developed by the NASA Langley Research Center. The cockpit is not a replica
of the Space Shuttle Orbiter cockpit, but it does have the instrumentation and controls
necessary for engineering investigations. The vehicle response was recorded on time-
history strip charts. A more complete simulation description is available in reference 1.

TEST CONDITIONS

The off-nominal conditions considered in this evaluation involved aerodynamics,
sensed angle-of-attack errors, yaw RCS thruster failures and lateral center-of-gravity
offset. The Space Shuttle design specification requires that the orbiter be able to fly
safely with two of the four yaw thrusters on each side inoperable (off). Because of this
requirement, all runs for the study had such a failure.

The nominal and off-nominal aerodynamics used in this study were obtained from
reference 6. The off-nominal values were estimated 30 envelopes of possible variations
between wind-tunnel-derived characteristics and expected full-scale flight characteristics.
Because a normal distribution was assumed, the variations could be either added to or
subtracted from the nominal aerodynamics. The aerodynamic data base consisted of the



six force and moment coefficients for the airframe with undeflected controls. These
coefficients are functions of Mach number, angle of attack, and sideslip angle. To these
are added the force and moment contribution of the control surfaces (functions of Mach
number and angle of attack). The elevons (when used as an elevator), the body flap, and
the speed brake are all considered to have nonlinear aerodynamic increments which are
functions of Mach number, angle of attack, and surface position. The aileron and rudder
both have linear aerodynamics that are a function of Mach number and angle of attack,
with the aileron aerodynamics also being a function of the average elevon position. The
off-nominal aerodynamics are functions of Mach number.

All possible lateral-directional combinations involving moments generated by the
bare airframe and the aileron were considered in this study. Table II shows the nomen-
clature used in the discussion of the results to describe these 16 cases of off-nominal
conditions. Examination of the aerodynamic data of reference 6 revealed that the rudder
derivatives CQ& s CYG ; and Cy are approximately linearly dependent; therefore,

r by r

they were varied together. In addition, none of the rudder derivatives were allowed to
differ in sign from the nominal. All cases that have decreased rudder effectiveness are
denoted by number only; if the rudder effectiveness is increased, the letter "A'" is added
to the case number shown in table II. Figure 4 shows the range of off-nominal lateral-
directional stability and the aileron and rudder control effectiveness. The curves were
generated by assuming that the angle of attack was exactly the value commanded by the
guidance algorithm and that the elevator position was the desired position used by the
body-flap-control logic. As shown in the appendix, the aileron is used for directional

trim. This requirement places a great deal of dependence on Cné . However, figure 4(b)
a

indicates that because of the uncertainty in the data, Cn(5 could switch signs below
a

Mach 5.5 and the magnitude could vary greatly above Mach 5.5. Thus, the control system

should show a high sensitivity to uncertainties in Cno . This sensitivity will be confirmed
a

in the discussion of the results that follows.

Reference 6 also presents the longitudinal aerodynamic characteristics. However,
longitudinal uncertainties were not, in general, included in the present study because ref-
erence 4 showed that variations in longitudinal aerodynamics do not impact the control of
the orbiter unless: (1) the vehicle no longer can be trimmed or (2) the elevator must
move to a position that adversely affects the aileron characteristics. This control system
uses the body flap to maintain the proper elevator position; thus, no effects of pitching-
moment variation would be expected until the body flap was forced to its limit and the
elevator had to move from its desired position. In cases where this would happen, the
effect of pitching-moment variation has been included.



Because angle of attack is not measured directly during the portion of the entry
investigated in this study, it must be derived from onboard inertial platform data. When
error sources such as platform drift and winds are considered, angle of attack can be in
error by as much as +4°, Since the flight control system (see appendix) uses angle of
attack extensively, the system should be sensitive to this error.

DISCUSSION OF RESULTS

In order to evaluate these off-nominal effects on the flying qualities of the Space
Shuttle Orbiter, a test maneuver was devised to represent the maneuvering required
during the entry phase. As noted earlier, the orbiter flies a preselected angle-of-attack
schedule and modulates the commanded value of ¢ to control both down range and cross
range. The test maneuver was to maintain the initial ¢ for a short period of time,
roll 60° at maximum roll rate, and then roll back 55°. The commanded angle of attack
was generated by the guidance algorithm. The test maneuver was initiated at Mach 10,
Mach 7.5, Mach 5.0, and Mach 3.5 along the entry profile; and the orbiter's behavior was
examined. Unless otherwise noted, all cases were flown with the automatic control sys-
tem — that is, no pilot inputs.

Mach 10 Maneuver

Figure 5 shows the vehicle response with the test maneuver initiated at Mach 10 and
with nominal aerodynamics, no error in sensed ¢, two yaw RCS thrusters on each side
inoperable (off), and a lateral center-of-gravity offset of 0.0381 m. The « profile
shows the orbiter transitioning from its initial o of 36° to lower values. The data indi-
cate that the orbiter follows the prescribed « command closely with no lateral oscilla-
tion, with only minor overshoots in p and r', and with very little sideslip. The steps
noted in the commanded angle-of-attack values occur because the guidance algorithm is
interrogated every 1.92 sec; thus, the flight control sees the guidance commands as a
series of step commands. At Mach 10, the yaw thrusters receive the roll-angle error
signal and are fired to produce a body-axis yawing rate and small sideslip angle, thus
allowing the eifective dihedral to generate a rolling moment. The aileron is used to
achieve proper coordination. The signal sent to the aileron is

rstab(sin oz)'1 =r'cota -p

Thus, proper balance between the body-axis yawing rate and rolling rate is achieved, while
Tstab? which is approximately B, is minimized and, therefore, very small values of 3
occur in the presence of a substantial yawing rate. The yaw jets fire only to establish and
stop the maneuver. The aileron deflections required to coordinate the maneuver were



approximately 0.05° and are difficult to see on figure 5. The apparent steady-state
aileron deflection is the deflection required to trim the 0.0381-m lateral center-of-

gravity offset.

The effects of off-nominal lateral-directional aerodynamics were investigated in
combination with the failed RCS jets and the lateral center-of-gravity offset. The simu-
lation shows that there was little effect of off-nominal aerodynamics at this Mach number
(fig. 6) as the results were very similar to those with only the lateral offset and failed

RCS.

Next, a sensed angle-of-attack error of -4° or +4° was added to the other off-
nominal conditions. (See figs. 7 to 11.) The angle-of-attack error of —40, which causes
the vehicle to fly 4° higher than desired, results in the error signal to the aileron
r'cot@ - p tobe incorrect. The value of cot a is too large by approximately 15 per-
cent, resulting in a reduction in maximum roll rate by 15 percent. Note that this angle-
of-attack error results in poorer control of B8 and increased yaw RCS activity. (Com-
pare figs. 5 and 7.) Combining off-nominal aerodynamics with a sensed angle-of-attack
error of -4° produced no significant difference from the case with the angle-of-attack
error alone. Example cases are shown in figure 8.

The effects of a sensed angle-of-attack error of +4° (the vehicle is flying 4° lower
than desired) are shown in figure 9. With this o error, cot o is too small, resulting
in larger than nominal roll rate. (Compare figs. 5 and 9.) In addition, there is a large
roll-angle overshoot, poorer control of B, and increased yaw RCS activity. For this low
o condition, off-nominal aerodynamics do influence the time histories. Cases 3, 9, 11,
12, and 15, shown in figure 10, all produce unsatisfactory responses. Case 11, fig-
ure 10(c), was the worst case observed following the Mach 10 maneuver. There was a
large overshoot of the commanded roll angle; and, when the orbiter rolled back, the vehicle
diverged in sideslip, rolling rate increased, and the orbiter was lost. This case was also
flown manually by an astronaut with similar results. Table III shows the bare airframe
characteristic modes (no stability augmentation) for both the case with nominal aerody-
namics and with off-nominal aerodynamics (case 11) at the nominal angle of attack of 36°
and at an angle of attack 4° lower. As indicated earlier, case 11 with no angle-of -attack
error performed satisfactorily. A comparison with the bare airframe characteristics of
case 11 reveals that lowering the angle of attack by 4° does not affect the characteristics
significantly. Thus, the problem must be the coordination signal that is sent to the
ailerons. As a result of this observation, the control system was desensitized to angle-
of-attack error by multiplying the aileron turn coordination signal r'cota - p by 0.5
(approximately sin ¢ for these angles of attack) and adding a g feedback. The
aileron error signal was cut in half and became 0.5(r' cota - p) - 8 sin a@. Also, a
B feedback was added to the yaw jets error signal as B cos a. Figure 11 shows the time

10



histories with these modifications for both the nominal aerodynamic case and case 11

with a sensed « error of +4°. The response is satisfactory for both cases. However,

B is, like «, derived from onboard inertial platform data and is subject to large errors.
The turn coordination circuit can be modified to include sideforce (NY) feedback instead
of B and should produce similar results. Sideforce Ny is derived from accelerometer
data and will be a more accurate signal.

In summary, with the test maneuver initiated at Mach 10, all cases with two yaw
RCS thrusters on each side inoperable (off), a lateral center-of-gravity offset of
0.0381 m, and off-nominal aerodynamics with no sensed angle-of-attack error performed
satisfactorily. When a sensed « error was introduced that caused the orbiter to fly at
a higher-than-nominal «, the responses were still satisfactory. However, when the
a error was introduced to make the orbiter fly at lower-than-nominal o, many combi-
nations of off-nominal aerodynamics resulted in unsatisfactory characteristics and, in
some cases, loss of vehicle. To correct this situation, the aileron turn coordination sig-
nal must be modified.

Mach 7.5 Maneuver

The vehicle-response results with the test maneuver initiated at Mach 7.5 are shown
in figure 12. As with the nominal case at Mach 10 (fig. 5), the orbiter follows the
« command closely and completes the required roll maneuver with no overshoot in p,

'

r', or B. Cases involving the off-nominal aerodynamics (see table II) produced responses

(not shown) that were similar to the nominal.

Figure 13 shows the effects of a sensed « error of -4°, which causes the orbiter
to fly 4° higher than desired. Note that as with the Mach 10 cases (fig. 8), the error in
cot & resulis in a lower maximum roll rate, poorer control of B, and increased yaw
RCS activity. Again, no cases combining off-nominal aerodynamics with a sensed
a error of -4° produced responses significantly different from the case with the
a error alone.

Figure 14(a) shows the effects of a sensed « error of +4° (vehicle flying 4° lower
than desired). This case results in loss of vehicle with nominal aerodynamics. The loss
occurs for two reasons: first, the vehicle is at a lower angle of attack than at the Mach 10
maneuver so that the error in cot ¢ produced by 4° ig slightly more than the error seen
at Mach 10; second, the dynamic pressure has increased from approximately 4700 to
5900 Pa so that the ailerons are more effective. Case 11, shown in figure 14(b), is again
the worst case. Calculations of the characteristics of the bare airframe were made
(table IV) and showed, as at M = 10, no significant change with decreased angle of attack.
The same control-system modifications to the aileron and yaw RCS circuits that proved
successful for the previous Mach 10 case were applied to this Mach 7.5 problem; and, as
the results in figure 15 show, the vehicle performed satisfactorily.

11



In summary, when the maneuver is initiated at Mach 7.5, all cases with no error in
sensed angle of attack, or an error requiring the orbiter to fly 4°'higher than nominal,
performed satisfactorily. However, as at Mach 10, there is an extreme sensitivity to
sensed angle-of-attack errors that require the orbiter to fly 4° lower than the nominal.
The modifications that produced satisfactory results at Mach 10 also produce satisfactory

results at Mach 7.5.

Mach 5 Maneuver

At Mach 5, the rudder is activated and is used to augment the yaw RCS thrusters.
Figure 16 shows the vehicle-response results with the maneuver initiated just before
Mach 5. The control-system modifications discussed previously have been included.
The orbiter performs the commanded maneuver, with only a small overshoot in roll rate
and a small residual p oscillation after the maneuver.

The control system at this point is still using the ailerons for directional trim. If
the static yawing and rolling moment equations are solved for trim (p and r = 0) using
6, and B as the independent variables, the determinant becomes CQBCnéa - Cnﬁcﬂé a.
(See ref. 7.) If the sign of this determinant changes, the direction that the aileron should
move to trim the vehicle also changes. The control system has no way of determining
if this sign change occurs; thus, it may move the aileron the wrong direction for trim. If
this happens, the orbiter rhay be able to perform the maneuver, but it requires many
positive yaw thruster firings to maintain the proper roll attitude following the maneuver.

(See fig. 17.)

The parameter responsible for the switch in sign is Cn6 which is nominally neg-
a

ative at these Mach numbers; however, off-nominal aerodynamics (fig. 4(b)) can make it
positive. Table V shows the bare airframe characteristics along with values of the trim
determinant for the nominal and some off-nominal conditions. Note that for the off-
nominal aerodynamics (cases 6 and 7), the trim determinant switches signs for « = 17°
with bg = 0°. This condition occurs at approximately 40 sec in figure 17. The sign
switch would occur sooner for the orbiter flying at a lower « than commanded. As
seen for the cases discussed earlier, the bare airframe characteristics offer no clue as
to the source of the controllability problem.

The cause of the control problem can be minimized by making Cn(3 more negative,
a

which can be accomplished with a more positive elevator deflection. (See ref. 6.) Thus,
to correct this trim problem, the body-flap circuit was modified to make the elevator more
positive. As can be seen in the appendix, the desired elevator schedule that drives the
body flap is for the elevator to ramp from 2.5° at Mach 5 to -3° at Mach 3. This modified

12



schedule maintains 2.5° until Mach 3.5 and then ramps to -3° at Mach 3. The effect of
this elevator deflection is shown in table V where the trim determinant remains positive
through o = 17°.

The speed-brake schedule was also modified so that the speed brake would close
from 98.6° to 80°, instead of from 98.6° to 659, between Mach 4.5.and Mach 4.0. This
increased flare in the speed brake reduces the amount of pitch-down moment and, there-
fore, helps the body flap maintain the desired (more positive) elevator position. Fig-
ure 18(a) shows the results of off-nominal aerodynamics, case 7, with these modifications.
Figure 18(b) shows the maneuver with these modifications and nominal aerodynamics and
indicates that the modified schedules present no problem. All cases of the off-nominal
aerodynamics with reduced rudder effectiveness had responses that were similar to those
shown in figure 18.

The orbiter response with these modifications and off-nominal aerodynamics with
increased rudder effectiveness was then examined. The worst case, case 5A in figure 19,
resulted in an overgained rudder circuit as shown by the oscillation in p, B8, «, and Op-
Control was maintained, however, and the thruster firings were not excessive.

Figure 20 shows the effects of a sensed o« error of -4° with these modifications.
Again, when the orbiter flies at a higher « than desired, this «@ error results in a
lower roll rate than nominal; but, otherwise, the vehicle response is similar to the nom-
inal. Adding off-nominal aerodynamics with reduced rudder effectiveness produced
responses similar to the case with no off-nominal aerodynamics. (Fig. 21 shows case 7
as an example.) Increased rudder effectiveness results in an overgained situation (shown
in fig. 22 for case 5A) with oscillations in p, B, and by, but control is maintained as it
was for the case with no-sensed « error.

Figure 23 shows the effects of a sensed & error of +4° with the control modifica-
tions. As shown previously, this «a error, which causes the vehicle to fly at an angle
of attack 4° lower than desired, results in a higher roll rate than nominal; but, otherwise,
the response was similar to the nominal case. The reduced « makes Cn‘sa nominally

less negative. (See ref. 6.) Thus, Cné can become more positive with off-nominal
a
aerodynamics and a sensed o« error of +4° than at the nominal «. Case 7, shown in

figure 24, results in increased yaw RCS thruster firings due to the more positive Cnﬁ
a

(compare with fig. 18(a)); and case 54, shown in figure 25, again shows the overgained
situation that can exist with a more effective rudder.

Because of the dependence of Cn6 on elevon deflection, the negative pitching-
a

moment uncertainty of reference 6 was added to the analysis. With a sensed « error

13



The control system displayed the following three main weaknesses:
(15 An extreme sensitivity to error was noted in derived angle of attack.

(2) Some off-nominal aerodynamic combinations caused the aileron, which provides
the directional trim control for much of the entry, to actually deflect the wrong way.

(8) Off-nominal aerodynamics which produced an increased rudder effectiveness

could result in an overgained control circuit.

Many of these weaknesses could lead to a loss of the orbiter. Modifications to the con-
trol system and pilot intervention techniques were designed that allowed the orbiter to
fly safely under all the assumed off-nominal conditions.

Langley Research Center

National Aeronautics and Space Administration
Hampton, VA 23665

May 15, 1980
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APPENDIX

DESCRIPTION OF THE NOVEMBER 1976 INTEGRATED DIGITAL
AUTOPILOT FLIGHT CONTROL SYSTEM

The flight control system used in this simulation (known as the November 1976
Integrated Digital Autopilot) is designed to provide orbiter stability and control from
after deorbit to touchdown. The system takes guidance system commands in the auto-
matic mode and pilot commands in the manual mode and produces reaction-control-
system (RCS) thruster commands and/or aerodynamic-control-surface deflection
commands to the actuators. The pilot inputs include rotation-hand-controller deflections
in pitch and roll, rudder-pedal command, speed-brake position command, body-flap rate
command, panel-mounted rate trims (roll, pitch, and yaw), and system mode switches.
Multiple RCS thrusters are located on pods at the base of the vertical tail (fig. 1) and
provide roll, yaw, and pitching-moment capability. The aerodynamic surfaces include
elevons, differentially deflected elevons (referred to as the aileron), rudder, speed brake,
and body flap. This appendix describes the flight-control-system software in detail.

Notation

The flight control system was designed for measurements in the U.S. Customary
Units. Therefore, units are given in both the SI and U.S. Customary Units.

ADI normal-acceleration error for flight director, g units
ADIF filtered normal-acceleration error for flight director, g units
AL approach and landing guidance

ALFERR angle-of-attack error, deg

ALFERRL limited angle-of-attack error, deg

ALPDG angle of attack, deg

ALPHACM entry-guidance angle-of-attack command, deg
ALPHCMS smoothed entry-guidance angle-of-attack command, deg
AUTO autopilot control mode

17



BANKERR

BANKYAW

BCSL

BETAF

BETDG

BFT

BFTI

BINC

CM

CMS

COSALP

COSPHIL

COSTHE

COTALP

DAM

DAMS

DAMSF

DAMTR

DAMTRS

DAT
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APPENDIX

roll-angle error, deg
roll-rate command, deg/sec
filtered pitch-rate error, deg/sec
filtered angle of sideslip, deg
angle of sideslip, deg
commanded body-flap-deflection rate, deg/sec
body -flap-deflection command, deg
increment used in description of FADER
guidance-system command used in description of SMOOTHER
smoothed command used in description of SMOOTHER
cosine of angle of attack
cosine of limited sensed roll angle
cosine of pitch angle
cotangent of angle of attack
roll rotation~hand-controller (RHC) command, deg
shaped roll-stick command, deg
filtered roll-stick command, deg
roll-panel-trim command
roll-panel-trim rate, deg/sec

aileron-trim rate, deg/sec



DATRIM

DAY

DAYF

DBFDC

DBFPC

DBFRM

DEC

DECC

DEL

DELAC

DELBF

DELBFRC

DELEC

DELEFB

DELELC

DELELT

DELERC

DELERT

DELES

DELRC

APPENDIX

aileron-trim command, deg
lateral-acceleration error, g units
filtered lateral-acceleration error, g units
body-flap-deflection-rate change
body-flap-deflection command, deg
manual body-flap command, deg/sec
preliminary elevator-deflection command, deg
preliminary elevator command, deg
left-elevon-command rate, deg/sec
aileron-deflection command, deg
body-flap-position feedback, deg

commanded body-flap-deflection change, deg
elevator-deflection command, deg
elevator-position feedback, deg
rate-limited left-elevon-deflection command, deg
left-elevon-deflection command, deg
rate-limited right-elevon-deflection command, deg
right-elevon-deflection command, deg
preliminary pitch-trim command, deg

rate-limited rudder-deflection command, deg
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DELRCP past value of rate~limited rudder-deflection command, deg
DELSBC rate-limited speed-brake-deflection command, deg
DELSBCP past value of rate-limited speed-brake-deflection command, deg
DELSBE  speed-brake-increment cross feed, deg

DEM pitch-rotation-hand-controller command, deg

DEMS shaped-pitch-controller command, deg

DEMTR panel-pitch trim, deg/sec

DEMTRS trim rate due to panel-pitch trim, deg/sec

DER right-elevon-command rate, deg/sec

DETRIM  pitch-trim command, deg

DNCAL turn-compensated pitch rate, deg/sec

DPJET pitch-rate error, deg/sec

DR coordinated rudder command, deg

DRC rudder-deflection command, deg

DRCRL rudder-deflection-command rate, deg/sec
DRF filtered rudder-deflection command, deg
DRFS rudder-trim rate, deg/sec

DRFSI rudder-trim command, deg

DRI rudder command, deg

DRINCLM rudder-command-rate limit, deg/sec
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DRJET

DRM

DRMS

DRPC

DRRC

DRT

DSBC

DSBCM

DSBCOM

DSBM

DSBNLM

DSBPLM

DSBRL

EARLY

ENTRY

ERRNZ

ERRNZF

FADER

FADOFF

FLATURN

APPENDIX

yaw-rate error, deg/sec

rudder-pedal command, deg

shaped-rudder-pedal command, deg

rudder command, deg

yaw-rate error, deg/sec

filtered rudder-deflection command, deg
speed-brake command, deg

guidance speed-brake command, deg

entry-guidance speed-brake command schedule, deg
manual speed-brake command, deg

negative speed-brake-rate limit, deg/sec

positive speed-brake-rate limit, deg/sec
speed-brake-deflection-command rate, deg/sec
flight-control-system subphase

entry guidance

pitch rate due to normal-acceleration error, deg/sec
filtered pitch rate due to normal-acceleration error, deg/sec
signal fading logic

FADER logic flag

flat-turn regime



GBFT

GDAC

GDAM

GDAY

GDBF

GDEM

GDQ

GDRE

GDRF

GGDRC

GLIN

GNY

GNZ

GPDAC

GPE

GPIT

GPPHI
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body -flap-positive-deflection-limit schedule, deg
gain to convert roll-rate error into aileron command, deg/(deg/sec)
gain to convert roll-stick command to rate command, (deg/sec)/deg

gain to convert lateral-acceleration error to yaw-rate command,
(deg/sec)/g units

gain to scale body-flap-deflection rate, deg/sec

gain to convert pitch-controller command into pitch-rate command,
(deg/sec) /deg

gain to convert pitch-rate error into elevator command, deg/(deg/sec)
gain to convert yaw-rate error into rudder command, deg/(deg/sec)
gain to convert rudder command to rudder-trim rate, deg/(deg/sec)
gain to convert yaw-rate error to rudder command, deg/(deg/sec)
linear coefficient in roll-stick shaping, deg/deg

gain to convert rudder-pedal command to lateral-acceleration command,

g units per degree
airspeed-variable gain
scale factor

gain to convert compensated roll-rate error into aileron command,
deg/(deg/sec)

deg (N/m2)1/2 <deg (1b/ft2)1/2>

variable used to calculate GDQ,
Q deg/sec deg/sec

gain to convert roll-angle error to roll-rate command, (deg/sec)/deg



GQAL

GRJ

GRPF

GSBB

GSBP

GTEMB

GTRE

GUIDDT

GUY

GXALR

HA

HS

H1

IMAJ

KGDRE

LATE

MACH

MANBF

MANP

APPENDIX

gain to convert angle-of-attack error into pitch-rate command,
(deg/sec) /deg

gain to scale RCS thruster pulses into trim rate, deg/sec

gain to scale filtered yaw rate

scaling gain to convert trim increment into trim rate, (deg/sec)/deg
gain to convert speed-brake increment into pitch-trim increment
gain to scale coordinating rudder command

gain to convert preliminary pitch-trim command into pitch-trim rate,
(deg/sec) /deg

guidance-system step size, sec

gain to convert pitch RCS thruster command into pitch-trim rate, deg/sec
gain to convert aileron command to coordinating rudder command
altitude, m (ft)

SMOOTHER step size, sec

flight-control fast-cycle time, sec

SMOOTHER control flag

variable used for computation of GDRE

flight-control-system subphase

Mach number

pilot-commanded body-flap mode

pilot-commanded pitch mode
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MANRY

MANSB

NUM

NY

NZ

NZCM

NZCMS

PAR

PC

PCLIM

PCP

PDAC

PDACF

PDG

PE

PES

PHICM

PHICMS

PHIDG

PSTABDG
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pilot-commanded roll and yaw modes

pilot-commanded speed-brake mode

number of FADER steps remaining

lateral-acceleration feedback, g units
normal-acceleration feedback, g units

TAEM/AL guidance normal-acceleration command, g units
smoothed guidance normal-acceleration command, g units
coefficient of squared term in roll-stick shaping, deg/deg?
roll-rate command, deg/sec

roll-rate limit, deg/sec

roll-stick-rate command, deg/sec

scaled aileron command, deg

filtered aileron command, deg

sensed roll rate, deg/sec

roll-rate error, deg/sec

compensated roll-rate error, deg/sec

guidance roll-angle command, deg

smoothed guidance roll-angle command, deg

sensed roll angle, deg

stability-axis roll rate, deg/sec
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QB dynamic pressure, N/m2 (Ib/it2)
QC pitch-rate command, deg/sec
QCAL pitch-rate error, deg/sec

QDG sensed pitch rate, deg/sec

QTR pitch-trim rate, deg/sec

QTRU unlimited pitch-trim rate, deg/sec
RDG sensed yaw rate, deg/sec

RJPULSE net RCS thruster pulses

RLIMR rudder-deflection limit, deg

RNZ = (GNZ)(NZCMS)

RP = (RDG) - ((RTDG)(SINPHI)(COSTHE)) /V, deg/sec
RSTAB scaled stability-axis yaw rate, deg/sec

RSTABG gain to scale yaw rate

RTDG = 57.3 g, deg-m/sec? (deg-ft/sec2)

RTPHI = (RDG) (TANPHI), deg/sec

SINALP sine of angle of attack

SINPHI sine of roll angle

SMERR command increment used in each SMOOTHER step
SMOOTHER guidance-command smoothing logic

TAEM terminal-area-energy-management guidance



TANPHI

TEMA

TEMB

TEMD

TEME

TEMF

TEMI

THEPHI

TRBF

UIN

UINP

UXC

UuzC

\'

X

XNEW

YALCM

YAWJET

Z
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tangent of roll angle

lateral-acceleration command due to rudder pedals, g units
preliminary aileron command, deg

guidance yaw-rate command, deg/sec

coordinating rudder command, deg

elevator trim-deflection error, deg

scaled coordinating rudder command, deg

-(COSTHE) /(COSPHIL)

scheduled elevator trim deflection, deg
combination of roll and yaw RCS thrusters commanded to fire on current pass
past value of UIN

number of roll RCS thrusters commanded to fire
number of pitch RCS thrusters commanded io fire
number of yaw RCS thrusters commanded to fire
airspeed, m/sec (ft/sec)

past value of signal to be faded

current value of signal to be faded

guidance yaw-rate command, deg/sec

yaw-rate error, deg/sec

Z-transform variable
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Description of Flight Control System

The block diagrams of the flight control system are presented in figures 35 to 44.
The system was designed to minimize the time required to complete the flight-control
calculations in the onboard digital computers. Thus, several computational frequencies
exist among the various signal paths of the flight control system. The particular fre-
quency for a path is indicated on the block diagram either in the figure legend or by the
dashed boxes around the control-system signal paths.

Many of the guidance commands are computed at a significantly lower frequency
than that used by the flight control system (PHICM in fig. 35(a)); thus, a smoothing func-
tion (SMOOTHER) is used to give the control system a more continuous command signal
during that period when the RCS is active. The SMOOTHER logic is presented in
sketch (a).

FROM GUIDANGE
CM, IMAJ,
GUIDDT

YES SMERR =

IMAT = 0 HS(CM - CMS)
/ GUIDDT

NO

CMS =
CMS + SMERR

Sketch (a).

Each time the guidance algorithm is computed (low frequency), a new command (CM) is
sent to the SMOOTHER and IMAJ is set to zero. Thus, SMERR is computed only when

the guidance system is computed. Since HS is the flight-control-system sample time
(higher frequency) for the SMOOTHER element and GUIDDT is the guidance-system
sample time (lower frequency), SMERR is the fraction of the command change for each
SMOOTHER step, which when added successively (i.e., CMS = CMS + SMERR for each
flight-control-system step) will equal CM by the time the guidance system is computed

-again. Two observations should be noted: First, for the SMOOTHER to operate properly,

the guidance-system sample time must be an integer multiple of the control-system
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sample time; second, the value of CMS used in the calculation of SMERR is simply the
output command of the SMOOTHER when the guidance command CM update occurs.

Since the vehicle angle of attack and the Mach number change considerably through-
out the entry and, consequently, the aerodynamic characteristics change significantly,
considerable control system modification is required. To attain proper stability augmen-
tation and roll-angle control with the changing aerodynamics, the roll and yaw axes have
two modes of operation. The first mode incurred during the entry; the EARLY, or space-
craft mode, uses the yaw thrusters to produce a yawing rate and a small sideslip angle
which results in a rolling moment due to the effective dihedral of the orbiter. The
yawing moment produced by the ailerons is used to provide turn coordination. Because
the rudder is shielded fromthe free stream, it is not activated until the speed is reduced
to Mach 5. At this point the rudder is used to augment the yaw RCS. Late in the entry
after the orbiter pitches down to lower angles of attack and the rudder has become effec-
tive, the flight control system switches to the LATE or aircraft mode where the ailerons
are used to produce a rolling rate and the rudder is deflected to coordinate the turn.

This switch from EARLY to LATE nominally occurs at Mach 1.5, but the pilot can force
this change anytime. In order to prevent undesirable switching transients from propa-
gating through the system, signal fading logic (FADER) is used in both the aileron- and
rudder-command channels. (See figs. 35(b) and 37(b).) This logic is illustrated in
sketch (b).

BINC =
X - XNEW
NUM

NUM = NUM - 1

X = XNEW +
BINC (NUM)
YES
NUM = 1 FADOFF = TRUE
NO
RETURN
Sketch (b).

When a signal source is changed, the old signal must be faded out. FADOFF is set false
in the main flight-control code which allows the FADER subroutine to be called. The
parameter NUM is calculated on the first pass only by multiplying the flight-control-system
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frequency by the fade time in seconds. In this system design, the fade time was 1 sec.
The value of X used in the first pass to calculate the bias BINC is the value of the param-
eter being faded on the previous pass through the control system, and XNEW is the value
of this parameter on the current pass. For recalculation of BINC, X is retained on each
pass. Thus, the parameter being faded is successively changed from the initial value

of X to XNEW as NUM approaches a value of 1. When NUM does reach 1, FADOFF is
set TRUE and the FADER subroutine is bypassed.

Roll axis.- The aileron command and roll RCS command control laws are presented
in figures 35 and 36. Figure 35(a) shows how either the roll-stick command (DAM) or
the smoothed roll-angle-guidance command (PHICM — PHICMS), depending on pilot selec-
tion in the cockpit, is converted to roll-rate commands (PC). In the EARLY mode, either
the signal PCP derived from the stick input or the difference between the guidance com-
mand PHICM and the actual roll angle PHIDG is sent to the yaw channel to execute the
roll maneuver. In the LATE mode, the difference between the commanded roll rate PC
and the actual stability-axis roll rate PSTABDG is calculated, converted to an aileron-
deflection command, TEMB, and sent on to the aileron. Figure 35(b) shows that the
aileron-deflection command in both the EARLY and LATE modes is scaled by a function
of dynamic pressure GPDAC and then filtered by a second-order bending filter to prevent
any of the bending modes from driving the aileron command PDACF. The aileron-trim

calculation DATRIM is also a function of EARLY/LATE mode and Mach number switching.

(See fig. 35().) For both of these switches in the trim network, the FADER is triggered
to eliminate transients due to the switching. For Mach numbers greater than 3.5 and
dynamic pressures QB greater than 96 Pa (2 lb/ft2), the aileron trim is a function of
RJPULSE, the output of a pulse counter diagramed in sketch (c).

UIN =
.5(UXc) - vzc

I

DELTA =
UIN - UINP

UINP = UIN

Y
(UIN) (DELTA)
> 0 = TRUE

NO

RJPULSE =
DELTA

RJPULSE =
0

Sketch (c).
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The pulse counter takes the roll RCS (i.e., the UXC) and yaw RCS (i.e., the UZC)
thruster commands and determines if the aileron-trim function should be changed. If the
magnitude of the combination of roll and yaw RCS commands (UIN) increases from one
step of the flight control system to the next and the sign doesn't change or if the signs of
both UIN and DELTA change, the RJPULSE value will cause the integrated value DATRIM
to change. When the control system switches to the LATE mode, the aileron-trim inte-
grator is driven by the forward-loop signal PDACF and the panel trim DAMTR, as shown
in figure 35(b).

The roll RCS command (UXC), shown in figure 36, is driven by the turn-coordination
signal PE which passes through a hysteresis filter. The operation of these types of filters
is described in appendix B of reference 8. The signal PE is also sent to the aileron in
the EARLY mode and goes through a deadband to remove any low amplitude signal (sensor
noise) in the channel. (See fig. 35(b).)

Yaw axis.- The rudder and yaw RCS command diagrams are presented in figures 37
and 38. Again, the EARLY and LATE modes determine the signal source. In the LATE
mode (fig. 37(a)), a side-acceleration command (TEMA) from the rudder pedals (DRM)
in the cockpit is compared to the side acceleration NY to generate a side-acceleration
error which is filtered and converted to a yaw-rate command. This yaw-rate command
is summed with the stability-axis yaw rate RSTAB and a guidance-system yaw-rate
command YALCM when the approach and landing guidance AL is engaged. The resultant
yaw-rate error DRRC is sent to both the rudder, figure 37(b), and the yaw thrusters,
figure 38. Also in the LATE mode (fig. 37(b)), an aileron cross-feed term (TEMB) is
sampled to provide a coordinated rudder command (DR). This signal is filtered and
limited to form the rudder-deflection command DRC. In the EARLY mode, the roll-
stick command (DAM to PCP) or the guidance-roll command (PHICM to BANKERR) is
used to generate a yaw-rate error YAWJET (fig. 38) which is sent to the yaw thrusters
DRJET and to the rudder, (DRPC) = (GDRE) (YAWJET), below Mach 5. The switching
between EARLY and LATE triggers the FADER (fig. 37(b)) to eliminate switching tran-
sients. The yaw thrusters remain on until an altitude of 15 km (50 000 ft) is reached to
provide sufficient control power in the yaw axis.

Pitch axis.- The elevator and pitch RCS command diagrams are presented in fig-
ures 39 and 40. Figure 39(a) shows that a pitch-rate command QC is generated either by
converting a stick command DEM from the cockpit in the manual pitch mode, or by either
an angle-of-attack error ALFERR or a normal-acceleration command NZCM, depending
on the guidance phase. In the approach and landing guidance phase, the NZCM signal is
not smoothed since the guidance and flight control systems are being sampled at the same
frequency. Also, a filtered normal-acceleration error ADIF is sent to the attitude-
director-indicator error needles. The pitch-rate command QC is compared to the actual
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pitch rate QDG as shown in figure 39(b). This error signal QCAL is also compensated
for the pitch rate due to yawing at large roll angles RTPHI in the TAEM and AL guidance
phases. The pitch-rate error QCAL is filtered, scaled to an elevator deflection, com-
pared to the trim elevator setting DETRIM, filtered by a second-order bending filter, and
limited to form the elevator-deflection command DELEC.

For dynamic pressures less than 960 Pa (20 1b/ft2), a forward loop trim integrator
(fig. 39(c)) with compensation for pitch RCS thruster firings (UYC) is used to determine
the elevator trim value DETRIM. For higher dynamic pressures, the actual elevator
position DELEFB and speed-brake command increment DELSBE are cross fed to the
elevator trim. DEMTR is the pitch panel trim from the cockpit.

The pitch RCS thrusters (fig. 40) are turned off when QB reaches 960 Pa (20 Ib /1t2).
In the AUTO mode the angle-of-attack error signal derived from the guidance command,
ALFERRL, is compared to the pitch rate QDG to form a pitch-rate error DPJET which
is used to command the thruster firings. In the manual mode MANP, the pitch-rate com-
mand QC derived from the hand controller is used to form the pitch-rate error DPJET.

Body-flap command. - The body flap responds to either a manual pilot command
DBFRM or, in the automatic mode, to the difference between the elevon pitch trim
DETRIM and the scheduled value TRBF. (See fig. 41.) This body-flap mechanization is
designed to keep the elevator at the deflection required to obtain the desired yaw due to
aileron. The body-flap-rate command BFT is integrated, limited, and then compared to
the actual body-flap position DELBF. The command signal DELBFRC to the actuator
scaling software program is a rate command. When the orbiter reaches the first flare
maneuver, just prior to touchdown, the AL guidance sends a body-flap-retract signal,
and the body flap is driven to its undeflected position (DBFPC = 0°) for landing.

Speed-brake command.- The speed-brake command (fig. 42) is a function of the
limited speed-brake deflection DSBM in the manual speed-brake mode. In the automatic
mode, the command follows a schedule DSBCOM during the entry guidance phase and a
guidance-system command during the TAEM and AL guidance phases. The command
from the guidance system is GSB = 65° until M = 0.9, where the speed brake becomes

an active energy control device.

Control-surface rate limiting. - The elevator, aileron, rudder, and speed-brake
commands (DELEC, DELAC, DRC, and DSBC, respectively) are subject to software rate-
limiting logic which is diagramed in figures 43 and 44. This logic limits the step change
in the aerodynamic-surface command to either the maximum surface rate or to a rate
consistent with the hydraulic power available. The elevons which deflect due to elevator
and aileron commands are rate limited only by the maximum actuator rate. The rudder
and speed brake are limited, based on the elevon rates, the hydraulic fluid flow, and the
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number of auxiliary power units operating. (DRINCLM, DSBNLM, and DSBPLM are
functions of these conditions.) Also, the speed brake may be required to move, based
on rudder demand.
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TABLE I.- ENTRY PHYSICAL CHARACTERISTICS OF
SPACE SHUTTLE ORBITER

Mass properties:

Mass, KE . & & v v vt e e e e e e e e e e e e e e e e e e e e e e e e e e e 83 388
Moments of inertia:
Ipkg-m2 . L 1169 236
Iy, kE-m2 . o e 8 729 397
T 8 991 771
Iy KE-M2 L 3868
T -218 615
Iym KE-m2 L L 3441
Wing:
Reference area, M2 o e e e e e e e e e e e e e e e 249.91
Mean aerodynamic chord, m . . . . . . . ¢« ¢ ¢ 4 i bt e e e e e e e e e e e 12.06
SPAN, MM & v v e v v v v v e e e e e e e e e e e e e e e e e e e e e e e e e e e 23.79
Elevon (per side):
Reference area, M2 . L e e e e e e e e 19.51
Mean aerodynamic chord, m . . . . . . . . . . i i it it e e e e e e e e e 2.30

Rudder (per side panel):

Reference area, M2 . . « v v v v v o b e e e e e e e e e e e e e e e e e 9.30

Mean aerodynamic chord, m . . . . . . . . . . . . . . e e e e e e e e e e e e 1.86
Body flap:

Reference area, M2 . e e e e e e 12.54

Mean aerodynamic chord, m . . . . . . . ¢ . 0 0 s i e e e e e e e e e 2.06
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TABLE IL. - OFF-NOMINAL AERODYNAMIC VARIATIONS?

Case Cn C
) 8 Ig |
1 - -
2 + -
3 - +
4 + +
5 - -
6 + -
7 - +
8 + +
9 - -
10 + -
11 - +
12 + +
13 - -
14 + -
15 - +
16 + +

+ + + +

C C C
ﬂﬁa Yﬁr n5r %r
- - + -
- - + -
- - + -
- - + -
- - + -
- - + -
- - + -
- - + -
+ - + -
+ - + -
+ - + -
+ - + -
+ - + -
+ - + -
+ - + -
+ - + -

aA plus sign indicates aerodynamic variation is added to nominal coefficient; a
minus sign indicates aerodynamic variation is subtracted from nominal coeificient.
bAnp A" after case number indicates that rudder coefficients CY6 , C
T

and C% change signs.

r

n
6I‘

bl
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TABLE IIL. - LATERAL-DIRECTIONAL BARE-AIRFRAME

CHARACTERISTICS AT MACH 10

Oscillatory modes

Angle of (C
Case attack n )
deg ’ B/dyn 1 2
Nominal 36 0.0097 P =4.2 sec P = 1833 sec
aerodynamics _ _
t]/z = 53.7 sec t]/z = 248 sec
11 36 .0075 P = 4.8 sec P = 1306 sec
t]/z =9.4 sec t]/2 = 317 sec
Nominal . 32 0076 P = 4.8 sec P = 1634 sec
aerodynamics ty s = 54 sec t1/2 = 240 sec
11 32 .0055 P = 5.6 sec P =1132 sec
t]/z = 9.4 sec tl/Z = 355 sec
TABLE 1V.- LATERAL-DIRECTIONAL BARE-AIRFRAME
CHARACTERISTICS AT MACH 1.5
Angle of c Oscillatory modes
Case attack, ( HB) dvn
deg _ y 1 2
Nominal ' 30 0.0064 P =4.7 sec P =878 sec
aerodynamics ty sp = 30.8 sec ty 5 = 159 sec
11 30 .0045 P =5.7 sec P =629 sec
t]/z = 5.5 sec t1/2 = 323 sec
Nominal 26 .0056 P =5.1 sec P =817 sec
aerodynamics _ _
t1/2 = 32.0 sec tl/z = 164 sec
11 26 .0036 P =6.4 sec P =577 sec
t1/2 = 5.6 sec t1/2 = 404 sec
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TABLE V.- LATERAL-DIRECTIONAL BARE-AIRFRAME CHARACTERISTICS AT MACH 5

Trim determinant

Oscillatory modes

Aperiodic modes

function
Case a, de Cn !
& | (%) ayn CogCny ~ CnCop 1 2 1 2 3 4
a a
_ 00
8y =0
Nominal 21 0.0026 1.529 x 10-6 P =6.4 P =293
aerodynamics _ -
ty ;o= 20.9] t; = 35.4
5 21 .0032 8.004 x 10-7 P =59 P = 284
ty g = 268 | t; = 36.2
-7 _ - - -
6 21 .0041 3.320 x 10 ty g =447 |ty 5 =368 |ty p =58 |t =003
-7 - - - -
n 21 .0011 8.620 x 10 tyjp = 3183 |ty =237t p =102 |ty jp =0.0004
Nominal 17 .0027 8.180 x 107 P =6.2 P = 333
aerodynamics _ _
ty p = 18.6 |t 4 = 30.6
5 17 .0031 1.843 x 10-7 P=5.9 P = 292
ty /g =22 |ty 5 =435
-7 - - - -
6 17 .0040 -1.371 x 10 tyg=62 |ty )5=3131t ;=59 [t;,=0.02
7 17 .0014 -8.225 x 10~6 ty o _ _ _
1/2 = 4082 [t p = 29.3 [t; sp = 9.1 ty g = 0.0004
0
b =25
Nominal 21 |0.0027 1.837 x 106 P =6.3 P =297
aerodynamics _ -
ty jp = 209 [t; p = 35.3
5 21 .0033 1.189 x 10-6 P=58 P =287
typ =26 |ty =361
-7 - - - -
6 21 .0042 6.098 x 10 ty g =447 [ty 5= 36.6 |t) p =58 |t; p=0.03
-6 _ - - _
7 21 .0011 1.182 x 10 ty g = 3126 |ty ;p = 23.7 |ty s = 10.2 |t; jp = 0.0004
Nominal 17 .0028 1.024x 106 [P =6.1 P = 337
aerodynamics _ _
ty g = 18.6 |t; p = 39.4
5 17 .0031 4595x 106 |p=-59 P = 295
t]/z = 2.2 t]/z = 43-2
-8 _ - - -
6 17 .0041 4.057 x 10 ty /g =614 |ty p =314 [t) 5 =59 |t =002
-1 - - - -
7 17 .0014 5.002 x 10 tyjp = 4009 [ty 5 =29.3 |ty  =9.1 t; s =0.0004
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TABLE VI.- LATERAL-DIRECTIONAL BARE-AIRFRAME CHARACTERISTICS AT MACH 3.5

Trim determinant Oscillatory modes Aperiodic modes
Case o, deg (CnB) c Cfunctlc():n, c
’ dyn | &y Cn - Cn by 1 2 1 2 3 4
B 0,y B "0y
Nominal 117 0.0021 1.012 x 10-6 P =6.7 P =143
aerodynamics _ _
ty o = 8.4 |ty 5 =29.1
5 17 .0027 3.169 x 10-7 P =6.5 P =151
t1/2 = 1-1 t1/2 = 30.9
7 17 .0007 4.652 x 10-7 t =163 |ty o = 16.8| ty 4o = 4.5 ]|ty o = 0.01
1/2 1/2 1/2 1/2
Nominal -7 D =
aerodynamics 13 .0024 2.699 X 10 P =6.2 P =231
5 13 .0028 -2.253 % 101 P =6.6 P =195
t1/2 = 1-0 tl/z = 28.8
7 13 .0012 -3.742 x 10-8 t, o= 191 [ty o = 211ty /o = 4.8 |ty ,» = 0.01
1/2 1/2 1/2 1/2
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Figure 1.- Sketch of Space Shuttle Orbiter.

39






6000

5250

4800

>

3750

|

Range, km 3000

2

aas0

1500

750

T I I T T AT

8000

7000

6000 \W\\\

. 5000
Velocity, m/sec

4000

TTTTTTTTT

30900

2000

1000

CITTTITTTITTT I Iv T

140000

I

120000

100000

vd

80000

[

Altitude, m

60000

40000

A

o 11110 IR
8] 400 800 1200

20000

FETERTTTEETTTTTAT T T

111

|
1600
Time, sec

(a) State conditions.

Figure 3.- Trajectory parameters of Space Shuttle Orbiter for first entry.



us
40
35
30
o, deg es
20

15

10

100

78

80

-100

200

175
150
1285
Fuel use, kg ‘00
5
S0

aS

42

——
= \

= A\

= \

2 AN

: Mo t
; [ B

= T
= | 1
N

= [

5 H

L

= i

: =

= C

= s

= [

Time, sec
(a) Concluded.

Figure 3.- Continued.



-10

15

10

Sprs deg g

-S

100

7S

8sg, deg so

m
-
HTTTECTT

o

“IH‘HIL

I
I
|

i
i
;

L

fIHIMIH HFWIHI

MIH[UIWIHIMIH

WIIWIHIIHIIIIH’
%_Tj |

MIH{HIM

1111113
400

11110111
800

Time, sec
(b) Control history.

Figure 3.- Concluded.

INNE N
120

L1t 11113t
[8]

600

43



44

0
\ Variation (+)
-.001 \\ :No?ninal ‘ﬁ\\
TL‘~———,___ [~
CQ, \-\\\ \/;
N \
Variation (-) S~ ™~
-.002 ~ —_
\ \
-.003
2 3 4 5 6 7 8 9 10
Mach number
0
Variation (+)
|1
1| L
—1 T ——
/-Nominal [~
|
| —1
C —— L—1 L —
rb [ //
AN S
-.002 1 | —
HVariation =) "1
-.004
2 3 4 5 6 7 8 9 10

flach number

(a) Lateral-directional stability derivatives.

Figure 4.- Space Shuttle Orbiter aerodynamics, including uncertainties.



.002

.001
c
2
Ga
0
.001
c 0
s
a
-.001

Mach number

(b) Aileron derivatives.

Figure 4.- Continued.

-
] S
— //
[~ —
Variation (+) / 1 |1
S — //
\ Nominal ] //
1
B B /—Variation (—)//
\Lﬁ\
2 3 4 5 6 7 8 10
Mach number
™~~~ Variation (+)
\
\
] R
B LNominal \&%\
\
'\_[\ [
. AT —— ]
|
Varilation (-) \L\&r\/
2 3 4 5 6 7 8 10

45



.

R i

. 0005
\{Variation 6D
CL —
6\" \ Nominal \'\dﬁ_
[~
Variation (-) [ [~
0 VAR ——
2 3 4 5 6 7 8 10
Mach number
0 T T . —
| Variation (+) | _1— /
L—1
/ Nominal /
C | I
ng L]
r _//<
/ tVariation (-)
-.001
2 3 4 5 6 8 10
Mach number
.002 I ’
/—Variation )
} ]
¢y B
§
) N\‘\
Nominal \\
——t ]
Variation (~) \J\
0 ‘JC;~1_4, l |
3 4 5 6 8 10

46

Mach number
(c¢) Rudder derivatives.

Figure 4.~ Concluded.



100

50

¢, ©,
deg

-100

rl
deg/ sec 0

-5

TT{TTTT III}IIII

TH

TTTT

TTH

TTTT

ITTT

TTTTTTTI

FTTT

TTT1

TTI

TTTHTTT

BN

o

[Lditilid

L

AEENENEN

NN

(HENERNN
1

o

Time,

LIIdtbiid
3

ENENEENN
4

sec

60

Figure 5.- Space Shuttle Orbiter response with simulation initiated at Mach 10

with nominal aerodynamics, no-sensed ¢« error, two yaw RCS thrusters
on each side inoperable, and 0.0381-m lateral center-of-gravity offset.

47



100

75

65 B’ s0
deg

25

PETTTTTTT TTIT oo d

25.0

17.5
OBF,

deg 10.0

deg

TTIATTTT ILIT R RARNIEAARERARERRAR!

Yawjets

%

il

-2

%

SEEE

lllllgigé;
40

IANERNE

eaT

48

10

AEEEENEN
20

Iiteitlil
30

Time, Sec

Figure 5.- Concluded.

NERRNNER
50

60



45

Tl

Yo

Ogr @, 35
d

30

3
BERRARND AL
4]

25
100

S0

LB AL

/
\

-100
10F
5
p, F /
deg/sec O \ 7 =
5: ;,J
~10F=
4=
B, N a—— e
deg —
-y
S
re, — /
deg/ sec 0_ \ _~
serorerpea e bovvepvnadsvveerrerdonteetneedieinateng
0 10 20 30 50 50 60
Time, sec
(a) Case 3.

Figure 6.- Space Shuttle Orbiter response with simulation initiated at Mach 10
with off-nominal aerodynamics, no-sensed o« error, two yaw RCS thrusters
on each side inoperable, and 0.0381-m lateral center-of-gravity offset.

49



50

100

'

75

ITTT

Osp

deg 5°

Il

25

IRRR

25.0

1T

17.5
OgF,

deg 10.0

2.5

RN LEAA

on
]

Hlll

o
]

=y
@
fta

FIT]

BRI

Yawjets g

il

'

1111

W/

ARRERERNR NN

l/i/J Liilidtl

ENEEREN

Y

JNEENRENE

30
Time, sec

(a) Concluded.

10 20

Figure 6.- Continued.

40

50

60



45

4o
ac ? a!

!

35

deg
30

25

100

-100

10

deg/ sec

/

-5

~-10
Yy

B’

] LA AR AR AR AR AR AN R AR RN IHI)IIHI lII’IIlI!

deg o

-4

5
r',
deg/sec O

P N

-5

O

Elll TETT P TTITEReTTT

\*.*._/

it

L~

Lidtiiiii

PLtteited

LIttt
1

Litdieidl
30 4

Time, sec
(b) Case 9.

Figure 6.~ Continued.

IR ENEE
0 50

60

51



FETHTTT llkll AR LARRR IR RN AN RN AR R A RN RN RN REER

|

|
U

100
75
0sB,
SB' ¢
deg
25
0
25.0
17.5
OpF
2.5
-5.0
15
O
¢
deg
-5
10
bg, .
deg
-10
e
Yawjets ol
2k
D

NN

PEIEQLLL
0 2

(b) Concluded.

Figure 6.- Continued.

bt
0 50

RENENNER
60




(DC; m)
deg

~560

-100C

10

5

P,
deg/sec o

-5

-
[=]

TP

Tt

RREARRRIBLAR AR RN

ITTTT TR T T e ETTd

(el

Pl N

N

L~

NN AEE N

]
o
O

HERNEEE
1

(EERNEENN
2

PLITEIRET
30

Time, sec
(c) Case 11.

Figure 6.- Continued.

40

S0

53



100 |~

75

6SB’50
deg

a5

FETTLETTTT T TTd

25.0

17.5

RN ILAARE AR AR

o
ITETETTT

o
I
e

PITTTY

2 HE% [l

Yawjets o ] mT v T
IIII/IIHLLIII ||||1|||1||u% ““”'”55”“””60

%
COTTTTTTI

10 20 30 40
Time, sec

(c) Concluded.

Figure 6.- Continued.

54



45

40

a

a ‘ C
c: O, 5 /

deg

30

100

osE

deg/sec o= _\ /
SE A
-10E ,
4 i
B! ;__.,.f—— o —
deg D:
4 ol
c
1 -
r', oF - / L
deg/ sec "|- ™~ |~
s e o b oo b
0 in 20 30 40 50 60
Time, sec
(d) Case 12.

Figure 6.- Continued.



56

100

75
bsB,

deg S0

25

25.0

17.56
Opr

deg 10.0

TTTTTTTIToTT II{IIH FTTTTETT T I TiTd TTTT TTITTTTTTT T

[ 1

Yawjets o

-2

/]
LA

IR ERENEN RN

IIIL%EJIJHIII

IINNNENEE]

COTTT

10

20

30

40

Time, sec
(d) Concluded.

Figure 6.- Continued.

o0

60



4Ss

40

a, q,

d eg 35

30

25
100
SO

(DC; ¢v
deg

-100
10

S

pv 9]
deg/ sec

-5

-10
4

FTTTITHT

A

|

FTTIITTT

/N

ITTTRITTIIITTd

FTrryrrTl

/-——

—

cprr

AN

ERERNANY

/

(IR EN]

IEEERENE

IRRENEENE}

10

20

3

0 40

Time, sec
(e) Case 15,

Figure 6.- Continued.

S0

60

57



58

100

[l

75
NP

ITTT

deg

25

TTITTTTT

25.0

FTTT

17.5
OBF,

ITTT

deg 10.0

TTT

TTHT

1T

]

TTHITTTT

PETT

W,

i

Yawjets o

z/ i

-2ty

[

[EEEN SRR ENEREEER ILIJV
10 a0 30

Time, sec
(e) Concluded.

SOTTT

4o

Figure 6.- Concluded.

LELLITdd
5

IIBUENENS
o

60



45

— a
40 /

Oc, @, 35 —
deg \ac f— |
30

i

FTT

25
100

ITT1

FTTT

o
@
@
& -
=] (=)
AL

L

o

=]
BB

T

\
)

P,

0
deg/ sec “F \ /

-5

AR

-10

4
B,
deg

(TTTTTTI

-4
5

rl, N
deg/ sec © ~ —

&_—-———A
-5 (SRS NN AR SNSRI NRERE NN
8] 10 20 30 40 S0 80

TT1

Time, sec

Figure 7.- Space Shuttle Orbiter response with simulation initiated at Mach 10
with nominal aerodynamics, sensed « error of -40, two yaw RCS thrusters
on each side inoperable, and 0.0381-m lateral center-of-gravity offset.

59



60

100

15
O

deg

a5

PITErrrry i rparTT

25.0

17.5
O

deg 10.0

2-5

REIRERARRRARRE RRRL

-6.0

5 15
e’

deg °

CHETTTTTT

-5

10
bs,

0

AR |RERA

deg
~10

2

Yawjets g

v

il

ESRERERRE

-2

ALY

ENRNENEN

N EERE

L1 lll&%é?

1

o

AN

0

a0

730
Time, sec

Figure 7.- Concluded.

40

EENNEREE
5

INENEREEN
0

60



45

a
4o a

uc, a’ 35 - [N R — e

I'TT1

|
|
|
|

30

ITTTTTTTI

25
100

RA

80

P
N~
=4
™
ne

¢C: (D: 0
deg

/.
\

-50
\\_J/
-100
10

[T

i1

P,
deg/ sec ©

\
)

/
<

-5

FTTT

-10
4

l

ol
T

e BN
~ e

— v

-] dRINENNE AR AR AN NN RN NN SN RN A NERENE
10 20 30 40 50

[
D
[f=]
S
(7,
1]
Q
()
I

Time, sec
(a) Case 3.

Figure 8.- Space Shuttle Orbiter response with simulation initiated at Mach 10 with
off-nominal aerodynamics, sensed « error of -4%, two yaw RCS thrusters on
each side inoperable, and 0.0381-m lateral center-of-gravity offset.




62

100

75

1Tl

058 59

deg

Il

26

ITT1

1T

on
()
VT

o
)
«Q

AR

=)
P

o
)
fea
R

Yawjets g

w2z

[

AL

BN NEENEERRNEE

REREEN 0

A

ANENEREN

LIELIEl]
60

20
0

30
Time, sec

(a) Concluded.

10 20

Figure 8.- Continued.

40



45
[ a
sof— L
— e pan e R
“g-“'ss_ P R —— ER—
-3 o I b
2]
100
S0
deg = k / ]
-50 = ~— —
— \J
~-100F
10
5 —
p; : / \
deg/ sec 0f- \ /
-5
—
~10F
Yy
B, E .
4
S
re, [ / .
deg/ sec O /
~sErecvievrc vk ereererebeerererrebrnerrendb g
0 10 20 30 30 0 60
Time, sec
(b) Case 9.

Figure 8.- Continued.

63



100 | /—‘ I

75
058,

ILLERARAI

n
o o
T T
-

TTTT 111!]”1]

R

lqll ITIT

TTTT

deg
-10

= #7200

Yawjels o 7
P\ INTT157¢" (YRTTYYRNI INANRURITI NUUTUEN, 7| NUTTTUNT Ll
0 10 20 30 40 50 60

117

'

i

Time, sec
(b) Concluded.
Figure 8.- Continued.

64



ysp-
— a
qo_—‘:éx
= Se—
ac, 0,35____"‘__‘—%-—.. — I
deg ~ F g Tt
o— - —
<
100
sof—r R
o, 0, E /° /%
deg = B /
— [
-50 o
— ]
-100C_ ,
10: T ]
-
P, E pa
deg/ sec O \ /
= ]
-5
o
yr
deg O B —
-4
Sk
r'v - /_
degfsec | L
s bbb e g b
10 20 30 40 50 60
Time, secC
(c) Case 11.

Figure 8.- Continued.

65



100 e
5 75 =
SB' E /
deg 50— /
o5
obE /
25'0:
-
17.5
ogr. F
10.0
deg —
2.5
— - I
-5.0
15
., E
=
-5
10:
6a, —
0=
deg FE
—
-0
Yrvrr,
Yawjets oF— /. I
= {/ﬂlﬂ@ﬂm ﬁ I
-1l MJ//HHHHL NERNERIRNNNEER (¢« TRURRNNNNANRDRRNNANNY.
0 10 20 30 40 50 60
Time, sec

66

(c) Concluded.

Figure 8.- Continued.



45

40

ac ! a’ 35
deg

30

25
100

50

-100

5

P,
deg/ sec o

-5

~-10
4

B,
deg ©
-y
5
r',
deg/ sec ©

FITTITITTY ITTT Ty Py Trr ey IrrTy [TTT1 Hll/lll T

IR

TT1

[TTT

—

N

]
-

[HENEENEN

ESRNEREEN!

IR NREN

WREREAN

-5
0

10

20 3

0

Time, sec
(d) Case 12.

Figure 8.- Continued.

40 S0

60

67



100 P

75
dsp.

deg 50

25

FOTTTTTTTITTTTTT T

0

25.0

17.5
OBF,

2.5

CTICrTr T T ey TTT

-5.0 I

15

0y .

IRTTTTTTT

deg
-5

10
6a’

0
deg
-10

FETTTTTT

2

Wz anm

Yawjets

RHHHARY 4

3\\

LLTTEPTTTT

201l

14/ SENEINRREN NN ENNENREEE HEEERERE
50

10 20 30 40
Time, sec

(d) Concluded.

]

Figure 8.- Continued.

68

60



wf—ed ]
— "h.—-ﬁ_____h________“
ac: ayasE‘—f—-__ RS
o]
deg ' ®F W |
30k
o5
100F
sof
0., 0, F Al AL
50 ~] /
~100
10
5E
I;' oE /
deg/ sec “[=
g - \ /
_5-
-toF
i
deg |- [
-
~4y—
°E
r', oF ]
deg/ sec "=
~sevn e breesrevenbreeeerereberorvren e e
0 10 20 30 60
Time, sec
(e) Case 15.

Figure 8.- Continued.

69



70

100

7%

05
0SB 5
deg

LLLIRRARBRA

25

11T

25.0

17.5

T

TTHTTITT

o
)

[
<D
w2
&
TTTTTTT) [T

7z

L

Yawjets

ETTVTTTTT

-2

7

1111

Littitigl

Loyt Ei lJJllJllJ

o

14
10

IENBNN N NN
30

Time,

sec

(e) Concluded.

Figure 8.- Concluded.

OJJ 1111iiy

60



100

-100
10

5

p,
deg/ sec o

-5

rt,
deg/ sec ©
-5

0

il A L AT
/ |

T

TTT

AR

I

TTTI

/‘—““\

.

N

EHII

—

REENEEEN

EEENEERE!

Ll
1

ENREEERN
0 20

Time,

AR ENEN
0 40

sec

Figure 9.- Space Shuttle Orbiter response with simulation initiated at Mach 10

with nominal aerodynamics, sensed a error of +4°, two yaw RCS thrusters

on each side inoperable, and 0.0381-m lateral center-of-gravity offset.



72

PETTTTTTITTTIT T T7Td

25.0

17.5
OpF

10-0
deg

2.5

—5-0

15
e’ g

deg

10
Og.

deg ©

-10

FTTHTTI HLHHT[ FITTTTITTTITTITTTT

Yawjets g

TTTTITTH

PE11

!

\

0
7

L

vt

U

EEEREEEE]

o

N EENE
10

Time, sec

IEERNNEEN
20 30

40

Figure 9.- Concluded.

50

60



45

40

Uc, U, 35]
deg

30

25
100

S0

mc; q‘)r
deg

-50

-100
10

P,
deg/ secO

LA RA LA LA AL A RARA R R LA I }III L

™
[

N

o1
T

' o | pd 1 ]
deg/ sec \ " | —

I nd EEEREEN SRR NN RN RN NN NN ERRE AN
0 10 20 30 40 50

. 60
Time, sec

(a) Case 3.
Figure 10.- Space Shuttle Orbiter response with simulation initiated at Mach 10 with

off-nominal aerodynamics, sensed ¢« error of +49, two yaw RCS thrusters on
each side inoperable, and 0.0381-m lateral center-of-gravity offset.



100

75
Osp.
deg 50

25

25.0
17.5

0
BF’
10.0
deg

2.5

Yawjets g

74

(a) Concluded.

Figure 10.- Continued.

- -

E ) AAM.~-MMIW

= —

= ///A 57

— / I u g 4

Lil ERENNENEN A BNRENENE H}dmnmlunu
10 20 30 40 50 60
Time, sec



25
100

S0

Oc, 0,
deg

-100
10

P,
deg/ sec - ©

-5

-10
Y

Q

[H_Tl—l’llllll HI/HI‘IIH

lllllllll|llll‘Hllllllll‘llll

)

7T

INREREEEE

IIH[IHIKIHTIHI

/

™~

N———

Lifreednt
20

(AN RN R
10 30

Time, sec
(b) Case 9.

Figure 10.- Continued.

IR ENE]
0

ANIENERE
50 6



76

100

75

dsg.

deg

es

25.0

17.5

Yawjets ¢

-2

___ /,_/

: -

: —

—

: ‘H__,__,———J——‘-'—_

- ( i // /

[ ; / / '/,// d ")

— // 7 % |

=SuEn INERRN RN SNRRENRY 1 Lieetdinting

0 10 20 30 40 50 60
Time, sec

(b) Concluded.

Figure 10.- Continued.



100

-100

S
P,
deg/ sec g

-5

o

ERE AR TTT]TIHI ;Ill AR

/

|

PITTTTTAT

\{\-

PTTHPTTTIY AT i

A

R ARAL

\

N

[

\

ﬁTH_ml

AEERE

I

EENNEREER

EEERENE!

AN ENENI

Pttt

1

0

20

Figure 10.- Continued.

IR
30 4

Time, sec
(c) Case 11.

60



100

15

Osg.
deg

es

25.0

17.5
OB 10
deg 0

2.5

-5.0

15
Op,

deg ®
-5
10

b,
deg ©
~10
2
Yawjets o

-2

7

J

e
v

il H{l T TTTT CHP T TIT I FTTTTY IR ToITT I oTaTT

i

(1T

T

)

7

e

11l

v

//
AL ]

Z
AL

SO

HEEREEEN
10 2

Figure 10.- Continued.

Lk
30

Time, sec

(c) Concluded.

40 50

60



45

4o

., 0, 35
deg

30

26
100

50

Oc, O
deg

1

-560

~IIII|IIH IIII‘lllrr:WTIIII |I‘ III‘IIIF*

I
]

-100
10

P,
deg/ sec

0

/
N
/

-5

; (TTETTT llTllllIl
N

("'

/ \ A
L // \/
HEEREE AR RN NN NN ERE RN RN RN

20 30 40 80 60

Time, sec
(d) Case 12.

E
AL

/

&
=

o

Figure 10.- Continued.



100
75

Osp:
deg

25.0

17.5

OgE, 10.0
deg
2.5

Yawjets

80

Pt

7z

)

[ANEENENE

IRENERENN

(i,

V4

Lidid

10 2

0 30
Time,

40
sec

(d) Concluded.

Figure 10. - Continued.

Lidtidld
60



45

40

Oc, U35
d

(TITITT:

30

TTTTTTTTT

25 ,
100 [

50

(DCp (D, 0
deg

VITTTTITIIT T T

-100
10

S

P,
deg/ sec ©

-5

/
[

~10 _ —
y

B,
deg O
-y

5

5
|

NN R ARl RN RN RN AN ERE AR AN RN NN
10 20 30 4Q 50 60
Time, sec
(e) Case 15.

rl
deg/ sec
-5

0

LITTT]T]

()

Figure 10.- Continued.



1

o O
@ Wn
« w

25.0

17.5

O
deg

10.0

2.5

~5.0

0g )

deg

03,
deg

-10

Yawjets

82

00

T

=]
<)

1}
o

n
a

[

15

5

-5

10

0

2

1R PTTITTTTT Ilql FETH [TTTTYTP I I maT Iy IIoa I [TT177

XN

o

o

1111 /IT

IEENEENN

IRENAREENN

{

o
COTT

10

20

Figure 10.- Concluded.

30
Time, sec

(e) Concluded.

AENAEREN|
0 60



45

4o

lllllllll
I
|

3)
&
|
!

|
|
{

301

=%

@

t=]
RERERRAR

|

25
100

T

|

IIITI

\‘
S
\'
ne

lll:c'fllllc}J
|

o,
/™~
\\

i~
D
i
T TTTT T 7T

-5 ——— -
-10
i
B, E —
deg "}
Ty o
r 5:
deg/seco: \ //’—‘—"\
— —
e sd AR AR AN AN N SR NN RN N RN A NN NN RN
0 10 20 30 40 50 60

Time, sec
(a) Nominal aerodynamics.

Figure 11.- Space Shuttle Orbiter response with simulation initiated at Mach 10
with sensed o error of +4°, two yaw RCS thrusters on each side inoperable,
modified control system, and 0.0381-m lateral center-of-gravity offset.

83



100 /

75

6SBv
deg

25

eb.0

17.5
O
deg 10.0—

2.5

IILH PETT TR Iy T v I I T [TI I I T TTTI Ty
[

TTTT

5.

deg
-10
2

0

ITTT

1/ ZZ 1

Yawijets o
| 2| u

LLTTT

NN IllllJlllllllllllIIJlH//}/I RN EERE SN ENEEENEN|
10 20 30 40 50 60

Time, sec
(a) Concluded.

-2

o

Figure 11.- Continued.



25
100

50

O, 0
deg

-50

-100
10

P,
deg/ sec ©

-5

-10
y

B,
deg °
-4
5

r',

deg/ sec 0
-5

- /%
— — —
- \
- \q
}_
-
E /‘CD /—(Dc
T [ e

= -
- ]
—
- /_—J——\
SN <

et verreerbereereerbrerereenr berrerersd et
0 10 2 30 40 50 60

Time, sec
(b) Case 11.

Figure 11.- Continued.

85



86

100

75
dsp.

deg

25

25.0

17.5

O 10.0

mé

i |

Yawjets o

FEVPTTET] [PPTTTITTTT Illllll RN AR AREE AR R RARRA A PITTTTTI

Z,
I

7

ANNENENN

||

JIiitgint

o

10

PLdtidtty
20

HENENERNE NN V4|
30

Time, sec
{b) Concluded.

Figure 11.- Concluded.

40 50

60



35

30 /%

Oc, &, 25
deg

20

T ITTTTTITTIorTT

15
100

R

50

d)C, q) ]
deg

o
TTTI
™
e
N
S
o

-50

TTTTTTT

-100
10

T

p,
deg/ sec
-5

ITTTTTrT

i1l

IRREE LB

[TTT

s 0 . s
v

deg/ sec ™~
s oot oo boocdb o oo
10 20 30 10 50 60

1T

Time, sec
Figure 12.- Space Shuttle Orbiter response with simulation initiated at Mach 7.5
with nominal aerodynamics, no-sensed « error, two yaw RCS thrusters on
each side inoperable, and a 0.0381-m lateral center-of-gravity offset.



88

8

o
w
oo

~J
al

o
(=}

deg

N
171}

25.0

17.5
OpF,

deg 10.0

2.5

-5.0

15
Oa.

deg S
-5

10
(A

0
deg
-10

2
Yawjets

TTTT T T lllﬂllﬂ FTEHPPTTTTTITTITTd TTETTTITTIAoTd

IR %

%

7

L

-2

INEN

.

IRNERENN]
60

OITTT

HENENEEN
10 20

Figure 12.- Concluded.

Time, sec

IR ENENN UIE;;IJ_IILIIHIH
30 40 S0



35

30

|

Og, @ o5
deg

FTTHTTT

20

I

15

100

50
(DC’ (D’

ITITTTTTI

deg o©

\

ITTITTT]

-100

10

P,

N
)

deg/ sec °©

TITTITTTT]TTTd

T1

TTTTITTTI

i B N

Q

deg/ sec_,

LIttt

1

COTTTITTTT

NENRNENEE
10

Time

[HERNERNE!
3

, S€C

PLdLLLtld
0 40

PLiLtld
8

ettt
0

60

Figure 13.- Space Shuttle Orbiter response with simulation initiated at Mach 7.5
with nominal aerodynamics, sensed « error of -4°, two yaw RCS thrusters
on each side inoperable, and 0.0381-m lateral center-of-gravity offset.

89



90

100

AT

75
Osp.
SB -

deg

TTTTTTHTT

25

25.0

T

17.5
OpF,

P

deg 10.0

THTT

2.5

TT1

-5.0

15
O,

deg °

-5

lllp THTT

10
03,

TTTT

deg
-10

FTTT

2

TTTT

7/

Yawjets g

TT

(KN

PLeetrt

11 leﬁlll

WERNENENI

i

IEREENEE

-2
0

10

20

30
Time, sec

Figure 13.- Concluded.

40

[HNERERNN
50

60



420 B P A A
ac'a'esf_——“’_\ ?L\\M &/ \
deg EOE :a —W_‘_\

15_
B A

Q%:agw’ OE /® /% j /

N 7 A
_::E : \\/ / [r
10—
-
deZ/,seCOE /
£ NV
oE
=
S S ne— NI
deg | \\ N VW | /
S " \ﬂ
re, OE //l
deg/secﬂsoi_llllﬁoll||||||]20U_|||IJlLaolilIJ_lLqulLIIJHIISOIHHHHGO
Time, sec

(a) Nominal aerodynamics.

Figure 14.- Space Shuttle Orbiter response with simulation initiated at Mach 7.5
with sensed « error of +4°, two yaw RCS thrusters on each side inoperable,
and 0.0381-m lateral center-of-gravity offset.



92

100

75
058,
deg

25

5.0

17.5
Opr,

deg 10.0
2.5

-5.0

b,
deg

S

-5
- 10
6y,

deg
-10

e

Yawjets 0

-2

]

f
|

=}
PRI TTT IIIK\ RS LR A A A L E LA LR AR

/T%

FEETTTH

_N\\J

1111

[ANERENEN]

1

0 20

30
Time,

N
SeC

(a) Concluded.

Figure 14.- Continued.

0 50



35
30

Ugr Qi
deg

15
100
50

(DC’ ¢)
deg

-50

-100
10

P,
deg/ sec

20

T

R

IRRRAAAR

RERRERI

T

TTTTTTE

ITTTTTTIperrIyinT

1

NV~

TTTTITITT

Vo

VV

T

ST

AN

RERRNENY

SEREEER

Lilifiid

IR EREE

0

IR EN
1

;mmn

20

30

40

Time, sec
(b) Case 11.

Figure 14.- Continued.

50

60



94

100

75

bsg,
5B g

deg
25

FERTTTITTITITTTTToITT

2.0

{7.5
OpF

deg 10.0

2.5

-5.0
15

be.
deg

—

,/WK/‘W‘['\%/* A palp M
VL

Lol alada A ApA
MRALEERVAVAVAVA'S

T

INEE| L ren e oo e et d e e qquetieieieteryl
10 20 30 40 50 60

Time, sec
(b) Concluded.

-5
10

0., .
deg
-10

2

ol
FEETETTET lng I CVEITTTITTTIT T T

Yawjets o

HTTTIITTT

~2

Q

Figure 14.- Concluded.



35

8
TTTI
™
&

|

aCi a; 25
deg

20

TETTETTT

15
100

T

50
(DC ’ q) ’
deg

/%

7T
™
e

7
N

TTIT

-100
10

| AERN
%

deg/ sec

TTTT

&
RRRRRRRR
N

=
=)
TTTT

o
)
Q

TTTI

RR

o < EN
deg/ sec ~1 A

e iR NN RN R RSN U NN EE NN NN R RN
0 10 20 30 40 50 60

I

Time, sec
(a) Nominal aerodynamics.

Figure 15.- Space Shuttle Orbiter response with simulation initiated at Mach 7.5
“with sensed « error of +4°, two yaw RCS thrusters on each side inoperable,
modified control system, and 0.0381-m lateral center-of-gravity offset.

95



96

100

75
dsg,

deg *°

25

5.0

17.5
OpF,
deg 10-0

Yawjets 0

-2

0

ol
IIIKHH FTTTTIITTT TTayTT PETTTEITTYTTII T IadT

TTTI) T

MHUH/,%

P

I

SREE

LLITILEL

LA

LiTPeLteefl

o

L

I
i

RN EEE

IURENEES

]

10 20

30

Time, sec
(a) Concluded.

40

Figure 15.- Continued.

50

60



15
100

50

q)Ct ¢,
deg

-100

ITTTITEI frrrrpiurTd ]III R

/

T

R

N

N

——.—./

vl

EEEE NN AR RN

SARRRERER
q 1

IR IR RN NNENEREREN
D

20 30 40 50 60
Time, sec

(b) Case 11.
Figure 15.- Continued.

97



100

75

Ht

058,
deg

T T

25

25.0

17.5
O
deg 10.0

i
|

i ML

Yawjets o= / I
b1 ERRENRENENEN] IIMH AEANRRERRNRNRENRNN)

0 10 20 .30 40 50 60
Time, sec

(b) Concluded.

|

Figure 15.- Concluded.



30

es

Ocs @ g
deg
15

10

100

S0

e, @
deg

-50

-100
10

S

P,
deg/ sec g

-5

r, 0
deg/ sec _

CPETTTprrrT Freet H”/HI ITTI

/

TTTT]T

TTTT]

ITT1

- ~—_

INEEREEEN

RN

IERNERNE

RN

S
0

10

Time, sec

40

S0

60

Figure 16.- Space Shuttle Orbiter response with simulation initiated at Mach 5
with nominal aerodynamics, no-sensed o« error, two yaw RCS thrusters
on each side inoperable, and 0.0381-m lateral center-of-gravity offset.

99



100

100F
0 - E
SB* ¢
deg ~ T~ ]
80
£s.0F
17.5 =
oBF, E
deq 10.0p=
- D S —/
.5 B
-s.0F
15[
bes St
i - ——— ]
10
deg )= —
~10E
20
10=
or, E
-10f=
—
-20
"’ )
Yawjets oF 1 7 g
SN e T
- ui NEANINENUNRNEE UEUNANED ERNENNENENNNNNRANRNNENAnann
0 10 2 30 40 ) 60
Time, sec

Figure 16.~ Concluded.



30

s

Ucy O pg
deg

18

10
100

p,
deg/ sec @

-8

-10
y

B,
]

de
-y
5

r,

deg/ sec @

-8

0 10

RARBARRA ITHH[H L

[

/

)RR RN RRARN RARRR RAAA

|

[~

N

SAIREENAT

REARNEEN

AR RER]

REENEE

20

Time

NEREENEN
30

, SeC

(IR EENES
80

60

Figure 17.- Space Shuttle Orbiter response with simulation initiated at Mach 5 with

off-nominal aerodynamics (case 7), no-sensed « error, two yaw RCS thrusters
on each side inoperable, and 0.0381-m lateral center-of-gravity offset.

101



100_ ﬁ\ o
6SB"75: \
deg [
SO0
25-0_
17.5=
5 =
dgg'm.o__
: J._,——-—J‘——’ ]
2.5k T
5.0
=
ge' 3=
eg E— ]
g—s %ﬁ%w
10F
) —
a.
deg © —~ —
~10
20
10—
o, £
deg °F ﬁ-—\[\ H N
_10: V/-v ]
20k
L 1
YaWjetSOZ L J Q hT W Mh
o b oo e Moo b b
0 10 20 30 40 50 60

Time, sec
Figure 17.- Concluded.

102



30

TTTT

ps =
- %
a((;js a'gg: ——— // i
e — -
9 [ \_ a 1
1§ f= _
10
100[=
SO
— U] (0]
O, 0, _E / ¢

o
)
2t
1
o
=] Q
FHTT
\
\

-100
10

deg/,sec ©

"‘D T
3
5
|

<
|

-10
=
B, o
E—/ ~S——— T ~—]
_LI'—
SE
r, o e e N
deg/ sec |~ —
e =d IR AN AR AR AR NN R AN RN NN AR R ENE NN NN
0 10 20 30 40 _ SO 60
Time, sec
(a) Case 1.

Figure 18.- Space Shuttle Orbiter response with simulation at Mach 5 with
no-sensed a error, two yaw RCS thrusters on each side inoperable,
modified control system, and 0.0381-m lateral center-of-gravity offset.

103



104

0SB, .

deg

6BF’lO

deg

Yawjets ©

(a) Concluded.

Figure 18.- Continued.

~ T ——
— .\~\'—_
‘g__,_f_—_\____l’_—_f‘____l——‘__\__‘_—‘
T —
~ T
‘—i————'%—\__—/_‘—/—\d-N [t
1 —~—
= N
- \/
-
: LV
- b N o il | l
= 7 [
wdl1 NN RN RENENE ANNER NS A AR NNUNE ARNNN RN SRR NRANY
0 10 30 40 50 60
Time, sec



30:
—
25 =
a¢, % eu_ /—(Ic
deg - \
15f= a
10
100
—
SO
— ¢ o
o Bl
50 = ™ F//ﬁ
—100:
10
s: —~
- \
e —
eg/ sec "= —\)
-5
-0k
i
B l—
de'gDE D e
Y
1 S:
', =
= —
deg/ sec o< —
sshrpcpp b b o oo b
0 10 30 40 50
Time, sec

(b) Nominal aerodynamics.

Figure 18.- Continued.

60

105



106

100
0sBs
deg 75

S0

25.0

|

|

IR AR A R AR RN R AR NI (B RNl TT V;1l I CITTITTT

~

TTT

ITTT

-

ITTT

—

L1l

R

INEERREEN

TH

ARREREE
S

NEREEEEE

o

10

ENEENEN

Time, sec

(b) Concluded.

Figure 18.- Concluded.

IENERENN|
4



30

aCo (1,
deg

1ﬂ°m|
™
&

15

TH

10
100

RA

i1l

gﬂ mT
/\
N

)

ITTi

vV = = N g S A ~7 N

TTTTITTITITITTd

l NS
/\V Pl NSO,

TTTT

TTTITTT
<

<

1

1

‘

1

1Tl

A~

jou B

@D

<

v e

124

(g
o
J

N
e 1sd RN RN R NN N AN NN NN RN ENER! PERLRR R egtyyng
0 10 20 30 40 50 60

I

Time, sec

Figure 19.- Space Shuttle Orbiter response with simulation initiated at Mach 5 with
off-nominal aerodynamics (case 5A), no-sensed o« error, two yaw RCS thrusters
on each side inoperable, modified control system, and 0.0381-m lateral center-of-
gravity offset.

107



108

100

Ocps
d%Q 75

S0
25.0

17.8

OgE»
d%g 10.0

2.5

-5.0

deg o

Yawjets 0

-2

———
-
—
=
E
— L\___\
— ]
—
__F“"‘v'\.—-——--——’ - ww ~ T
-
- VY
SE B 'E’ b g0 1 F
_Jl RN At e g e e e et etiggg
8| 10 20 .30 40 50 60
Time, sec

Figure 19.- Concluded.



o] I -
[— /-a
25‘_—-—\\:;4:\4 [
aC! a, 20:—:‘—)—-_—-_\._ — |
B N -
15— - —— _ i
ol | S
e I
sof — ————— S ——
% ©. of /—fb ..._/q,)c, R
deg = < 7
—SO: It S
= —~l_
-100 -1
10 — —
5: e N
p, E 4/ A\/'\
deg/ sec o—— - F— ,,/
E‘\f_————_\/
_5_ R -
-10E -
4= - -
. =
deqg O T
4y S
5 -
', 0: ~_ J,/, )
deg/ sec [
sttt beroreernn brpreennncboreeron v boreneree fervg e g
0 10 20 30 40 50 50

Time, sec

Figure 20.- Space Shuttle Orbiter reSponse with simulation initiated at Mach 5 with
nominal aerodynamics, sensed ¢« error of —4°, two yaw RCS thrusters on each
side inoperable, modified control system, and 0.0381-m lateral center-of-gravity
offset.

109



110

100
dsB,

~J
an

deg
50

5.0

17.5

GBF’ 10.0

|
|

AR AR L | )] CETT][TTTT q; PO Ty (VAT o]

o
<
RER

T

ITTT

ITT

/

SN

Yawijets o

L

-2

]

r

teiieetid
50

AR

o

AR E NN
20

1 SENENER!
30

Time,

ittt
40

sec

Figure 20.- Concluded.

60



30

= a
25— _4/\\
aC’ a E,""—‘—__
deg 20 - - NP
15 ¢
10F
100"
SOE
- ®
deg = ( /___
-50—- //
-100F |
10
5F—

_5: -
-10E.
R
B. 0: e — — T —— s iin.. S
deq = —
e
5
1 -
Yy oF—_ T T N
deg/ sec A< y
ssEeoco o e oo e boceccc b b e
0 10 20 30 40 50 s
Time, sec

Figure 21.- Space Shuttle Orbiter response with simulation initiated at Mach 5 with
off-nominal aerodynamics (case T7), sensed « error of -4° two yaw RCS
thrusters on each side inoperable, modified control system, and 0.0381-m
lateral center-of-gravity offset.

111



100

Ocpe
d%g %
50

25.0

17.5

OgE s 10.0

deg

2.5

-5-0

15

Oes
deg §

-5

‘”I I HH\ BARARAARRAR AR AARAALS

10

éa' 0

deg
-10

20

10
o,

deg O

-10

-20

LLLARRARRAARARRRERR 'Hllpﬂl

2

TTT

)

4

Yawjets ©

-2

TTT

vy

|ERNENNEN]
30

Wl

B

0

112

RN REN
20

Time,

ANNENNENENNNERERNY
40 5

sec

Figure 21.- Concluded.

IFRENRNER]
0 60



30

es

RE AN
N
=}

Oc, 9, g
d

1S

T

10
100

A

S0

(DC' q): Q
deg

RAA

/
~
\

\

IR

-100
10

[
REA
\
I

IR
[T ——
B

D,
deg/ sec 2

\/\/‘/\f\v/— PN

:
2

Tt

RRA

R

)

rl

' 0 Y [SN——
deg/ sec

L

IEREARENE RN SN NN AR RN N NN RN AR NE NN ENEE
10 ec 30 40 50 60

Time, sec

|
an

COTTTTTTT

Figure 22.- Space Shuttle Orbiter response with simulation initiated at Mach 5 with
off-nominal aerodynamics (case 5A), sensed «a error of —40, two yaw RCS
thrusters on each side inoperable, modified control system, and 0.0381-m
lateral center-of-gravity offset.

113



114

100 — — ]
6SB: E T —
deg '75:
]
25.0:
17.5]=
5 =
BF'm.o_
deg -
e e
e.5F= —
— -‘\_L
‘S-UE \_\__\
15
—
s [
deg St —1
sk
HJ[:
68’ 0: A £~
deg "E \/ ‘
-10F
20"
10
o, E A
-0
20
e
Yawjets oF—~ ' 7] -&“
ok INNRENNENNENNE O INERENENS | (W ENENANN i ANNNNNu el ANURRRNE
o 10 20 30 40 S0 60
Time, sec

Figure 22.- Concluded.



30
25

Og, O

Goq ? 20

15

10
100

S0

q)Cr (Da
deg

-100
10

P,
deg/ sec °

-5

rl
’ 0
deg/ sec

EERREERERAR R AR RREAi DA R HHIJIT/HIHII

(

[TTi

ITTT

RRR

—

e

(RENEREEENE

NN REN

IR REN
10

20 30
Time, sec

BERNENEE]
4

(INEEREEN
50

60

Figure 23.- Space Shuttle Orbiter response with simulation initiated at Mach 5 with

nominal aerodynamics, sensed « error of +4°, two yaw RCS thrusters on each
side inoperable, modified control system, and 0.0381-in lateral center-of-gravity

offset.

115



100 . —— 4_‘\4\

6SBo 75
deg

50
5.0

17.5

2: % | ] | B

Yawjets o= L i i ﬂ
| =aNl 2/ IR NNRNNENEN jlllllll%ﬂiﬂlllll LOLULE
30 40 50 6

0 10 20

Time, sec
Figure 23.- Concluded.

116




30

o5
[ a
— C
ac, aoao_h—'_“"“[ S
deg E — ]
15 L
— \q
10
sof-
s o AR Wa:
9 E \j |
s ~ e
-100
10
e Fa s

T
)
"
|

a

S

S—

o

| a
1] [ =
R

//
q

TTTT

TTIT

r',
deg/ sec O—~—T1———

-5 RN NN RN AN RN EE NN N AN R A NN
Q 10 30 40 50 60

I

Time, sec
Figure 24.- Space Shuttle Orbiter response with simulation initiated at Mach 5 with
off-nominal aerodynamics (case 7), sensed « error of +4°, two yaw RCS
thrusters on each side inoperable, modified control system, and 0.0381-m
lateral center-of-gravity offset.

117



100 ——

6SB. ..
deg 75

&G
5.0

17.S

|
L
/

NN
L

Yawijets @

=3
D
«Q
(=}
LIREE RRREAR RARARE RRRAR RARRA BRI { FTTTETTT
N
[

-2

ISR RN AN NN EELLIIIIIII]JJJI! [IERNEENN!
0

10 20 30 4a 50 60
Time, sec

Figure 24.- Concluded.

Q

118



&
HTH
|

0o £ | %
ccieg 20
— LN ]
15 " —
\q
10
100:
sof o
- (1) c
e =
g
-50 \\ /
-100E
i
SE V/\"'\/\
dgé/sec 0_ JA / AN AN\ N AN AN P

I

R
g

d

{

q

q

q

SE V4
-10F
‘e
Bo [
0 . J'\V -
deg = \/\\7\'—'
._Ll'-—
S|k
rt —
’ o= y. et N
deg/ sec O |~
ARSI RA VAN NI I ARNARRRRRRNEERRERRR NN ARANARRNRNUNRT!
0 10 50 30 30 50 80
Time, sec

Figure 25.- Space Shuttle Orbiter response with simulation initiated at Mach 5 with
off-nominal aerodynamics (case 5A), sensed « error of +4°, two yaw RCS
thrusters on each side inoperable, modified control system, and 0.0381-m
lateral center-of-gravity offset.

119



6580 - i
sof=
25.0
17.5
) —
d%g’m.o_
- T |
2.5
5.0
15F
66, -
-5
10
Ga’ —
—10E
205
10~
6,-, — N ~
—
~10[= —
20
= n g B
Yawjets o T Il
—et?u INETEEREREENN (INERNEN] NN NN NN AN AN A ey
0 10 20 30 40 50 6

Time, sec
Figure 25.- Concluded.

120



30

o5
Ocs G, o0 [ _[ %
deg —
| -
15 = ]
—
- \q
10
100 —
[—
S0 —
— 0]
=

AL

-100
10

A

7
/
T
N\

5

F1

[ _
7

P,
deg/ sec o

(>
|

-5

T

-10
y

B,
deg 0
-y
5

|
|
|

rl

' g T N
deg/ sec

-5 IR NN RN RN AN NN AN RN AN E AN AN RN EE|
10 20 30 40 50 60

Time, sec

ﬂ

P,

LT

o

(a) Case 6 with -C,, uncertainty.

Figure 26.- Space Shuttle Orbiter response with simulation initiated at Mach 5 with
off-nominal aerodynamics, sensed o error of +4%, two yaw RCS thrusters on
each side inoperable, modified control system, and 0.0381-m lateral center-of-
gravity offset.

121



122

dsp, __F \
deg E
]
15.0F
7.5E
Sprs |
deg °F
-7.5F
- — T —
15.0
15|
P -
_5_
10—
ba, E\__/" o
deg O
-10E
20
; 10}
rv 0___ o //
deg [ \ -
-10f A
P =
2 //
taies Bl Al
: o i
R AL L INE N IR RARRNRNA ANURRRT! ppeetvelernierinely
0 10 20 30 40 S0 €0

Time, sec
(a) Concluded.

Figure 26.- Continued.



k(1] S

25
U, G

20

'

15

LRI

10

100

50

RN

¢Cl q):

deg

ULRIL

-100

10

T

5

Py
deg/ sec o

Tl

-5

-10
Y

Bs

deg
-y

BRI ITH\

!

5
r'

deg/ sec 0

LT TET

-5

S~——

7

Peftetedld

o

Liiifiid
1

(b) Case 7 with

PLEeeL i eet eeaetypieeietatiid
§] 20 30 Y

Time, sec

Figure 26.- Continued.

LEteLttig
0 50

-Cp uncertainty.

123



100
OsBs

deg ®

50

15.0

deg

FEErpererererr ey eyt Hfjl_llll llll RRRRAARNRERERRRARRA AR

1%

AN

Yawjets g

-2

ESRERNEEE

b
—_—

HEREREEE

LiIdidt

T AT

[EREEREEE|

[HEERNERN|

o

124

fili
1

ERERNEENT]
0

20

30
Time,

sec

(b) Concluded.

Figure 26.- Concluded.

40

S0

60



25

20

A, @,

15
deg

10

50

NRRARA SRR AR II{I Tl

S
3
B
I
Vi

~50
deg

TTHT

-100

-150
10

. —

P, j \N
deg/ sec OF—"—"7 ""“’”\ j = o
-5

I

TTTT

TTTT

T

-10
Y
B, FE
0_ /\ﬂ.h e
deg "=
4
5
rt —
, 0 tr [/r——\
deg/sec [ —
e ad NN R RN R RN AN RN AR N RN AN N NN NN RN N AR ENEAN
0 i5 30 45 60 75 30
Time, sec

Figure 27.- Space Shuttle Orbiter response with simulation initiated at Mach 4.2
with nominal aerodynamics, no-sensed « error, two yaw RCS thrusters on
each side inoperable, and 0.0381-m lateral center-of-gravity offset.

125



126

100
dsB,

deg
50

15.0

R o G

o

Yawjets ©

PUTTTTTY TEITTITTITTI I TITT T T [TTTI M dT |}I—III|I mllﬂllym IRRBARIA

-2

INEENEENE!

o

—
INEBEN LL1

IEREEEN!
S

3
Time, sec

Figure 27.- Concluded.

l llIllHll‘Ilﬁllll
0 45 60

SLLU LIdil

30



25

20

aC’ a 15 - D ‘ﬁ—
deg ’ N\ a

10

II[I RA

IRE

KA

50

Dlrll
N
N
ne

¢ ® g
deg N /

-100

\

K

~-150
10

5
D, \ p

deg/ sec @

-5

ITTTTITR]IToT

RA

TTTT

A

N

(HERNE SR NN N TN NN R RN NN AN RN |
15 30 4s 60 ) 0

o o
HETTEPVoTT

Time, sec
(a) Case 1.

Figure 28.- Space Shuttle Orbiter response with simulation initiated at Mach 4.2 with
off-nominal aerodynamics, no-sensed « error, two yaw RCS thrusters on each
side inoperable, and 0.0381-m lateral center-of-gravity offset.

127



128

100

bsB,
deg 75
50
15.0
7.5

O
deg
-7.5
~15.0
15

4

ei
deg °
-5
10

6a,
deg 0
-10
20
10

by,
deg ?
-10
-20
2
Yawjets 0
-2

Time

, S€C

(a) Concluded.

Figure 28.- Continued.

”E‘x —

E-—\_\—‘_\_—\—_\—ﬁ e i i i
T t—1_
i""wg—f'—"’—’){\b\’\\

: N
AL L A2

: 1 ¥ AR

sl EREERENNENEEER IENEERNEEENNEEREE IR EEEEEENRERRENENEEEN]
0 i 30 48 60 5 90



o5
—
o0
-] o
| %
Ogs Uy g5 N
deg - a
10
=
S0
- AL
0
o o o |/
c' 350 N /—‘
deg | e
= L
-100
-150
10F {X
sE e
p, — &
— P | INAAAN DDA O
—
_5: T/
-10
4=
ﬁ: :
deg "= \/
_l.i'—
. E
r’ O fx
deg/ sec W7
e =d RN RN RN RN NN RN AR AN N AN AR N AN AN AN EANEN!
0 15 45 0 75 a0
Time, sec
(b) Case S5A.

Figure 28.- Continued.

129



16.0

130

(b) Concluded.

Figure 28.- Concluded.

— \\.

;

—

—_-_L‘—\—._L_ _,_l——_—-’_—_—'———'

[

LMNL,___/-—'W\_

— ~— A

- A . _

= Mo

-

- | 1

:HHLLILLHlHi! Jifititil [ERNENE] I EENEEENRREENNEERE]

0 15 30 45 0 75 a€an
Time, sec



25

20

uc, a’ 15
deg

10

-100

-160
10

D, 5

deg/ sec ¢

-5

deg/ sec
-5

[ws]
oaTTT]

I

|

|

\IIII’IIH’IHT Tllllllllllll

TTTTTTTIT [TTTT

IIIITJ ;TFITPITI

TTITHITTTT

P

—

.

[/

HERENEEE

Leptrtetl

sdiENEUEN
1

Lreeieetd
5 30

PLLEered
4

Time

, Sec

Ll
5 60

a0

Figure 29.- Space Shuttle Orbiter response with simulation initiated at Mach 4.2
with nominal aerodynamics, sensed @ error of -40, two yaw RCS thrusters
on each side inoperable, and 0.0381-m lateral center-of-gravity offset.

131



132

100
0SBy

deg
S0

15.0

|

PRI TTTIOIITTT II{IHT II!IIIII’YIIIII IIIII/\

!
|

I

V

Yawjets g

AN

I

N

3
1
NN EERN

u i

ra
OITTTT

AEEEEEE
15

30 4

Time, sec

Figure 29.- Concluded.

|EBBNBEENRNEREEREDE!
S 60 7

EENENENE
30




25
20

cr @

deg

' 15

10

S0

0c, O

deg

-50

-100

-150
10

P,
deg/ sec ©

-5

deg/ sec
-5

o
ITTTITTT P IT ey IraIny JIveTp IonTrpImrTy aTd ITTITITTTI T T ) JITIToiTTT Il/l I[T

[EERINE

NENNERER]

EANERERNE!

ITEREREN

(wn)

ININENE RS
5 3

0]

45
Time,
(a) Case 1.

Sec

INERRENNE
60 75

30

Figure 30.- Space Shuttle Orbiter response with simulation initiated at Mach 4.2 with
off-nominal aerodynamics, sensed ¢« error of —4°, two yaw RCS thrusters on

each side inoperable, and 0.0381-m lateral center-of-gravity ofiset.

133



100

Ny
SB’ ¢
deg
50
15.0
7.5
OBFs
BFs
deg
-7.5
-15.0
15
Ops
deg s
-5
10
03,
deg O©
-10
20
10
6 H
M 9
deg
-10
20
2
Yawjets O
-2

134

(a) Concluded.

Figure 30.- Continued.

e

— oV

;‘—\—\_\L __,——’—’__—_‘—L——-—’——LL_‘_

Staads S R S

E \\ 41'\/MM

[

il |

= I 1 IRIHEL

sSEENENEERENEERRE NEREREEN RN EE RN NN RN NENEERERD]

0 15 45 90
Time, sec




25

20
a(:! a;

deg

10

50

CDC’ ¢J -50

deg
-100

-150
10

5
p,
deg/ sec 0

-5

deg/ sec

Figure 30.- Continued.

E\MN‘ZL«/‘VNV\\ A i

':'““““‘—““‘*“T—\J“ﬁ——!\\

- - |

: el andn

E | /(D /\\ r/\\ il IHI %

<

é Al

E =

= 1

5 V]

s 1

::-HIIIIIII AERERERN IIJIJIJJIVII\O/H JJ\JII Hl\jll EERNENEN
- P lime. sec "

(b) Case 5A.

0

135



GSB'I:SZR\ —
deg g T
68F,7.z§_\_‘—\_\_\— J—,_HJ_I_,_,_,_,——’—
deg £ s P
o AL MR
o T VY IV [
63,05 ﬂﬁ/\ﬂr{\/\n/\
N aaa e et RAVE R AT
TZ% 1 Y O
o - IR0
Wi
AR
2 "Ry %
awjets Df l /,nﬂ i g W L
. —EO_IJJHH]IIJIIIIII J;]OIHIHI/% 1A ao/”% f7:1111J1190

Time, sec
(b) Concluded.

Figure 30.- Concluded.

136



25

20

Gc, 0,15
deg

10

50

a)Cr m,
deg

~-100

-150
10

P,

deg/ sec O "’”\ ]

P rrer e e ey ey v ey frereg v ll/l I[l

1
)

|

TiTIl

=
T

Y

a
@
«©

RRA

I

]

r, 0__ ,\/"""—\M
deg/ sec A—
~serrrreeeeebtrpenren b epereren i e e i e

0 15 30 45 60 75

[

30
Time, sec

Figure 31.- Space Shuttle Orbiter response with simulation initiated at Mach 4.2 with
off-nominal aerodynamics (case 5A), sensed a error of —40, two yaw RCS
thrusters on each side inoperable, modified rudder control gain, and 0.0381-m
lateral center-of-gravity offset.

137



138

100
05
7

deg >

15.0

-15.0

Yawjets o

-2

P~

: \\\'\

_—__L“—\_‘_L_ ’_,_r_,—f__'\_,_r——-\_\_L_

E —

—

=TT -

= N

] V

- A N

— | T~

= T

=N g1 [

SRR | 0l 11

=dNSNNENE RNEENENL (R EENRENEL (R AN NN RN N SRR RN NN ANy

0 15 30 45 60 75
Time, sec

Figure 31.- Concluded.

30



25
a
at Ve
—
Gc, 0.15:—“—% -\*—-—_4 —
deg — .
10\_ ]
= Lo
5_
S0
E 0 ®.
— /
0c, 0, F ~
C' Mg s
deg — \ /
~100}=
~150F
10
sE [~
o E 1
O_ g, = MAAJ%
deg/ sec " |- \ v
_5: \/-—“-—\J
-10E
y[-
B, E
0— M 21 L
deg — ™
4
S
rt, 0:_'_
deg/ sec
= =diNNRNRNEARNEEREEE FRRNEANENANNANANRENE RN RN NN A ENANNRN
0 15 30 45 60 75 36
Time, sec

Figure 32.- Space Shuttle Orbiter response with simulation initiated at Mach 4.2 with
nominal aerodynamics, sensed ¢« error of +4°, two yaw RCS thrusters on each
side inoperable, and 0.0381-m lateral center-of-gravity offset.

139



160

SB' ¢
deg

50
15.0

Q
ITTT TTTI HITHIIHHII 1T 7]

o
)
e
&
PTTTITT I [T T T T o o oI [ToTaoT V—'g

|
|
/

deg

Yawjets g

(A h (
Il

4ni I ENEERENERNENEE BN INENEEE! BREREENNENENEAENEENETN|
0 15 30 45 80 75

_ 30
Time, sec

Figure 32.- Concluded.

140



25

20

QC, U,
deg 15 ; § —y

T
\

]
|

10

e
/
]

50 ~

[
N
0'9

/

N

O 0 g \/
N\

deg

Tl

-100 A

[T

-150
10

P,
deg/ sec O —

[T

)
gl
[
»—F‘/
>

éI!ll
>
7

=
TTT

0 [— ———
deg VN J

1
o=
I

r! =
? 0‘—_
= "\/-—'_——
deg/sec N —
N =anuRRNERE RRRE NN NN AN R AR RN N RN AR AN AN AN NN En
15 30 45 60 75

(w}

30
Time, sec

(a) Case 14.

Figure 33.- Space Shuttle Orbiter response with simulation initiated at Mach 4.2 with
off-nominal aerodynamics, sensed « error of +4°, two yaw RCS thrusters on
each side inoperable, and 0.0381-m lateral center-of-gravity offset.

141



142

100

0sg, E —

75
deg | - __
S50

'

15.0

|
?
J

N

=)
ITTTTTTTTPITTTTTTT] ll? TTTI lfll FTTITATTTTT

2
Yawjets 0 4 2 Mﬂf// /.

7T

~6s 60
Time, sec

(a) Concluded.

Figure 33.- Continued.

/ o
- 4ud NSNS RNRENNENRENN ENEENEREN NN IRENEREEREN]
15 30 75

0



25

20
Ue, O,
%eg 15

10

|

\‘

]T|III”H I‘IHT\:

|

'
[
\

|

S0}

DPIII
<

N
ne

|
|

' "> 5
deg

?

-150
10

‘ ITT

|

7))
TTTT IIIWIIII

/

i

>

)

?

b

s

p’
deg/ sec @

NAAAAAAANAL
AALSYS

[l
4
|
' ¢
¢
¢
i [
S

l
\

L

a

[T II‘
b

I

"

|
\
|
\

|

lll\ﬁlllllll

. AN NN NN RN RN RN NN N AN NN EEEE N [EEENEEEERNNERAENE
15 3o 45 60 15 30

Time, secC
(b) Case 14A.

Figure 33.- Continued.

143



144

100} —
6 ’ E‘“‘\\‘“
deg — —
50
15-0:
7'551—‘_\——\_
— e — —
6BF' 0: L‘——\__,—H_’T—-’J
deg [C
-7.5F
-15.0F
tSE
Oas -
_5: _\\\_/——f
10f
6a’ O: o — — A
deg "= Vv T
-10
20
10
f) -
r’ O_ R o AVI\A a —
- \,_A/WV
deg |
-10F
-20F
2
Yawjets o= ”Hﬂ 1
¥ 1=dNNNE NI SNRNNRUNnY (RRNNEY EEENE (FIEAENTNE RN A REAN NN
0 15 30 ys 60 75 30
Time, sec

Figure 33.- Concluded.

(b) Concluded.




25

20

0, Oy5
deg

10

50

c’ 7?50
deg

-100

-150
10

P,
deg/ sec O

\

ITITTIT) [TTTITT T [TTTT T e TIT [ IITT [ TTIT{ITT I iriTd Il Ill] II/I P

SNeeee A
deg/ sec
SSEEL LI L L e e e e iy
0 15 30 45 60 75

30
Time, sec
Figure 34.- Space ‘Shuttle Orbiter response with simulation initiated at Mach 4.2 with
off-nominal aerodynamics (case 14), sensed « error of +4°, two yaw RCS
thrusters on each side inoperable, 0.0381-m lateral center-of-gravity offset, and
(5a)trim = 0 throughout simulation.

145



146

100=
GSB' 75?\\ ———
deg E K__
50
15.0F
7.55
GBF' g: — . 4 T
deg B
~7-5|
-15.0F
151
ée’ 5;
deg = e————— ]
—5: \J—-——-—
10
63' 0: -
deg |
-0
20
=
10}
6rl E
] —— e
-10F L\ﬁ
—20f=
2 ]
Yawjets O:ﬁUﬁH_HHHLU %Ml
= LR 01 9%
N =dNNERR IR SNANURRANE (RN ANUR N NRRRANEN| INRNENUNNRNANRRNENRN
0 15 30 45 0 75 30
Time, sec

Figure 34.- Concluded.



LPT

1.5 2.0 MACH

GDAC

TEMB
(TEMB

_________________________________ —
r GLIV PAR GDAM |
I 9324 .0636 1 I
5 |
I| .08 008-—\— 2
) .
| 6 1.5 MACH 6 1.5 MACH 6 1.5MACH :
| | GDAC
I N pCP l 1.26
IDAMS = (GLIN . " | 543
DAM | SIPAR |Dzu(v1|) pamlpaMs o1 14271  [DaMsSE GDAM 114
1250 LIMIT _ -
z: 20< DAMS < 20 61-4/62 |
I I
| : MANRY
| | K
!
I BANKE
PHICM RE LIMIT BC +
SMOOTHER |——o0 N
.52 Hz (ENTRY)| GPPHI B tpcLM '_O|
1.04 Hz (TAEM) | | -
6.25 Hz (A1) | |
PHIDG : AUTO ’
6.2 82 ____ A\ \lasHz
+
RP SINALP PSTABDG
25 Hz P \ \
+
GPPHI
1.222 PCLIM
PDG COSALP .3889 20
25 Hz .8 1.2 MACH 5
6 1.2 MACH
(a) Part 1.

Figure 35.- Aileron command.




8v1

GRJ MACH> 10
50)

GRJ = 2394
RJPULSE QB + (410?9) + OTHER
1.25< GRJ< 5 . f
MACH < 10 QB< 96 (2)
GRJ =1.25 or
MACH < 3.5
EARLY EARLY
-1.5 MACH<6.0
DAMTR DAMTRS | I\ S ) LATE o NOT MANRY
12.5 Hz -5 MACH- 8.0 AND FLATURN
LATE + AT
+.5 AUTO H1
0.2 1-z1
MANRY LIMIT
0.0 + 5
GPDAC DATRIM
(150)
GPDAC = 7182 . N
TEMB LATE QB PDAC -1 -2 * DELAC
o EARLY .1 <HPDAC < 1. .386482 + .08331153 zZ +.0712374 Z FADER L%T 5
e 1-.810028 Z '+ .351199 2~ PDACF -
EARLY LATE .1 < GPDAC < .97
QB< 96 (2) O
PES
PE GPE
- E | PES
—b /Oi‘l 5 ° GPE 10
1.5 QB
479 (10) 2154 (45)

(b) Part II (Frequency of execution = 25 Hz).

Figure 35.- Concluded.



6%1

PDG

SINALP

o O\

25 Hz
RP
— COTALP
25 Hz
r o QB < 96 (2)
| I
BETDG | 1, ]950 1-2 -1 ' o N\ BETAF
95 Hz %0251 1- 249/251 21| 1
| | o
I
QB> 958 (20
L _ _ _ _ 625Hz | (20)

o)
HA < 15240
or  (50000)

QB > 479 (10}

Figure 36.- Roll RCS (Frequency of execution = 25 Hz, unless otherwise noted).

A4



0<1

RSTABG
14
5.9
1.65 2.2 MACH

RP

S P COSALP

25 Hz co

_ +
———9}2’ ?i SINALP RSTABG
z
NY
25 Hz RSTAB
DRM | |prMms = DRMS ITEMA - ~RpAY 1/26 (1 + 271 PN DRRC
DRM (0131 + .042 | DRM|)DRM GNY Lo GDAY
6.25 Hz | | LIMIT + 22.5 | 1-24/26 27! /
l o}
l_ __________________ 6 _25_ Hz MANRY DAYF »
TEMD
YALCM AL ((*J)UIDANCE
6.25 Hz / /C
GNY OOTHER GDAY
.05 6.8
.015 v 512;2 MACH
76(250) 274(900) 1.051.652 3

(a) Part I (Frequency of execution = 25 Hz, unless otherwise noted).

Figure 37.- Rudder command.



16t

TEMB

GTEMB
1.0

0 1.0 2.5 MACH

v

GXALR =
(2.44)

|16.88 ALPDG
vQB

LIMIT
-1.1 = GXALR = 7,

DRPC

TEMI |3 (14 27Y)
) TEME
GTEMB Brr—r]
"o3
LATE
OEARLY
. LIMIT + RLIMR
£ N\PR | ong3aa - 31236271 o+ 267442 22| PRT | 244425 + 4nee527! 4 240405272 |DRE[  IpRC . -7 . @00) IDRC
=) = ~ 3 FADER| >
1-1.285412-1 + 5168842 1-.4735672"1 + 4512682 B~
14.5 < RLIMR = 27.1
DRI
RES DRFSI
B GPRF o 1-z7
LIMIT +9
AUTO
AND
FLATURN

(b) Part II (Frequency of execution = 25 Hz).

Figure 37.- Concluded.



4418

BANK YAWl

l SINALP
——O\Dﬁf%m H{ LivarT

|SINALP|z .087155

MACH > 5

0
o\o DRPC

I
%

- 23
4 GRPF
RP 50 _(1-27) %%s?)
25 Hz T W S 1 > 05
(10)
2
T T
| |
BETAF Il COSALP :
Lt 5.25 1]
DRRC

KGDRE
28728r
(600)
7182 :
MACH
150 —7 55350
. _ KGDRE
GORE - - KGDRE
-6< GDRE £ -1
EARLY | DRJET
OLATE
-.25

UZC

LATE (-.8-.5)

-1.5-1-5-2-.1
L1 1 ]

—4
—3
-2
—1

LIMIT

QB > 20

I

LIMIT
QB < 20

——— -2

-3

e

125 1156
-14 {.5 .8) LATE

HA < 15(%40 (50000)

—-——O\ . uzc

Figure 38.- Yaw RCS (Frequency of execution = 25 Hz, unless otherwise noted).

A .



€61

GDEM |
I 4
I______.._.___!.lzs L - - -
‘ 2 2.5 MACH |
— 2.0 ENTRY GUIDANCE -and |
l IDEM! > 20.5 l
|
DEMS =
DEM || (36 +.048DEMI) DEM | DEMS o |
—pl (36+. GDEM —B -
12.5 Hz | LIMIT 1.0 {
-23 < DEMS < 23 I
|
. __125Hz
| GQAL |
ALPDG R
12.5 Hz F— - — - —|—-—-— - = - = = 1 las 1 6MANP
|
l ’ _ % 10 12 MACH! ENTRY :
ALPHACM | LIMIT [ GUIDANCE\& .
5 p, 7P| SMOOTHER -2< ALFERR < 2 GAL — | TAEM C v
l GUIDANCEO AL GUIDANCE
| ALFERRL 125 Bz |
e e e e e e e e e — i
ERRNZF
mr —— — TaEm | — | ERRNZ
, GUIDANCE CNZ< | RNZ .
NZCMS = - i -
g SMOOTHER o 1. + RTDG 3.36 S RTAEE - R 4.2
1.04 Hz AL 3.36 V 1-12/13 Z
(TAEM) | GUIDANCE | +
6.25 Hz j> ; i
(AL) 6.25Hz |
- - - |- - XX — = ——— = — = — — —
| |
NZ N / 5 S AL apoazly | AE S
25 Hz N I 1-21/29 271 I
¥ | i |
o o o o 12.58z
THEPHI
6.25 HZ
(a) Part I

Figure 39.- Elevator command.




ps1

QDG 25 Hz

96/61 - 84/61 21

2/27 (1 + 27Y)
1-23/272°

ENTRY
© GUIDANCE

TAEM-AL
GUIDANCE

1-59/612°1

FLATURN
ON

GPIT
630(91)

436(63)f
138(20)

1.2 3.5
MACH
DETRIM
QB < 96
(@)
o Gpq = ,GPIT DECC ¢, , cc
BCSL . vV QB + 1(22 + DEC |, | .36675 - .287815 2! + 353543 7-2| DCL
O ) 1-1.135135 21 + 567568 Z-2
2<GDR< 1T

(b) Part II (Frequency of execution = 25 Hz, unless otherwise noted).

Figure 39.- Continued.
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Figure 40.- Pitch RCS (Frequency of execution = 25 Hz).
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Figure 41.- Body-flap command (Frequency of execution = 6.25 Hz).
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Figure 42.- Speed-brake command (Frequency of execution = 6.25 Hz).
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